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ABSTRACT 


To investigate the possibility that elevated responses to sym- 
pathetic activity in hyperthyroidism may be due, in part at least, to 
altered activity on the neuronal side of neuro-effector junctions, the in- 
fluence of chronic hyper and hypothyroidism on the catecholamine content 
of rat tissues and on the accumulation in, and efflux of tritiated noradren- 
aline (?H-NA) from the heart, brain, adrenal glands, salivary glands and 
vasa defferentia were studied. Hypothyroidism was induced in the rats by 
thyroidectomy and hyperthyroidism was induced in thyroidectomized rats by 
administration of low doses of thyroxine (25 ug/kg/day) for 8 and 12 week 
periods. Control groups which were similarly housed and fed were sham-op- 
erated. The hyperthyroid rats showed no significant difference from the 
euthyroid control group with respect to the tissue contents of adrenaline, 
noradrenaline or dopamine, or the accumulation and rates of efflux of °H-NA. 
In contrast most of the tissues of the hypothyroid group showed a signif- 
icantly higher catecholamine content than the corresponding tissues of the 
euthyroid controls but a lower accumulation and higher efflux rate of *H-NA 
from their hearts and adrenal glands. The tissues of the hypothyroid an- 
imals were significantly lighter than those of the corresponding euthyroid 
and hyperthyroid groups but the body weights were also lower so that this 
tissue weight difference was not sufficient to account for the increased 
catecholamine content on a ug/g tissue basis. These results indicate that 
in chronic hyperthyroidism of rats the rate of NA turnover did not change 
whereas in chronic hypothyroidism it increased. This increase may be due 


to an increased tyrosine hydroxylase activity and synthesis of catecholamines 
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due to a reduction in circulating iodotyrosine derivatives, or possibly to 
stress. This work indicated that the elevated response observed in hyper- 
thyroidism which resembles elevated activity of the sympathetic nervous 
system, is not due to altered uptake, synthesis or turnover of NA at the 


neuronal side of the neuro-effector junction. 
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INTRODUCTION 


The relationship between thyroid hormone and the catecholamines 
has been an important subject for investigation since Goetsch (1918) showed 
that increased sensitivity to adrenaline (A) could be used as a diagnostic 
test for hyperthyroidism. The resemblance of excessive sympathetic nervous 
activity to the symptoms of hyperthyroidism, and similarities between the 
physiological effects of the hormones from the thyroid gland and the adrenal 
medulla showed a possible relation between thyroid hormone and the catechol- 
amines. Considerable evidence of a relationship between levels of thyroid 
activity and the sympathetic nervous activity has been accumulated, but the 
mechanism responsible for the elevated responses to adrenergic stimulation 
in hyperthyroidism and for the reduced responses in hypothyroidism has not 


been clarified. 


A. Chemical Structures of Thyroid Hormones and Catecholamines 


The thyroid hormone, thyroxine, is a derivative of tyrosine, 
which is also a precursor of the catecholamines and there are therefore 
some similarities in the chemical structures of thyroid hormones and the 
catecholamines as illustrated below. There is a possibility that these 
chemical relationships are responsible for some of the similarities in 
responses, but we must note that, characteristic of the differences between 
hormonal and nervous control, A and noradrenaline (NA) are characterized 
by rapid responses whereas thyroxine induces slower and longer lasting 
actions. The mechanism of these similarities is not known but is essential 


ae a 


for the respons? to A and NA, and Zaimis et al. (1969) have recently shown 
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Structural Relationship of the Catecholamines to the Thyroid Hormones 
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that chronic alterations in muscle excitability accompany chronic hyper- 
thyroidism and that these changes probably influence the storage and util- 


ization of calcium. 


B. Mechanism of Action of Thyroid Hormone 


Hoch (1968) has shown that the thyroid hormones act directly on 
mitochondria, and thereby control the transformation of energy derived from 
oxidations into a form utilizable by the cell. Through their direct actions 
on mitochondria, the hormones also control, indirectly, the rate of protein 
synthesis and thereby the amount of oxidative apparatus in the cell. In 
hypothyroidism, slow fuel consumption leads to a low output of utilizable 
energy. In hyperthyroidism, rapid fuel consumption leads to a high energy 
Output but, in hypothyroidism, as efficiency decreases, the utilizable energy 
produced also decreases. Tapley (1964) suggested that the mitochondrial 
membrane may be the primary locus of action of the thyroid hormone. Mi- 
chels et al. (1963) reported that the treatment of rats with 1-thyroxine 
increased the incorporation in vivo of radioactive amino acids into protein 
of liver, kidney and heart, but not of spleen, testis or brain. The dis- 
tribution of the effect among the organs was the same as that observed in 
thyroxine stimulation of oxidative metabolism. Thus, stimulation of protein 
synthesis seemed to be a physiological action of the thyroid hormone. 

Roodyn et al. (1965) demonstrated that triiodothyronine stimulated amino 
acid incorporation into mitochondrial protein in isolated rat liver. More- 
over, Buchanan and Tapley (1966) showed that rat liver mitochondria incor- 


porated amino ecids into acid-precipitable material when incubated with 
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potassium, magnesium, inorganic phosphate and an oxidizable substrate. 


1-Thyroxine and a number of its analogues, added in vitro, markedly stim- 


ulated this incorporation. It was suggested that the stimulation of pro- 
tein synthesis by thyroid hormones in vivo consists of two components: 
(1) an initial, AUKOBTLEhIc. mitochondria-dependent stimulation of the 
existing protein synthesizing apparatus, followed by (2) a secondary, nu- 
clear-mediated, cellular response or adaptation which leads to an increase 
in the amount of protein-synthesizing machinery (Sokoloff et al., 1968). 
Astwood (1970) said that the effect of thyroid hormone in restor- 
ing growth in the thyroidectomized animal is one of the most sensitive 
responses to the thyroid hormone. In thyroidectomized rats, a dose of 
0.5 ug of 1-thyroxine was required to maintain metabolic rates at levels 
normal for the age. Red cell volume was normal at 1 and 5 ug, but at the 
lower doses there was no prevention of the anemia which follows thyroid- 
ectomy. Pituitary acidophils were normal at 1 ug whereas the basophils 
required between 1 and 5 ug for prevention of hyperplasia and hypertrophy 
(Evans et al., 1960a). The latter group (Evans et al., 1960b) also studied 
the growth response of thyroidectomized rats to high levels of iodide. The 
Suggestion was made that iodide itself in high concentrations may exert a 
thyroxine-like effect on tissues. Moreover, Taurog and Evans (1967) re- 
ported that thyroxine was formed at some extrathyroidal site(s) in com- 
pletely thyroidectomized rats injected daily with 5 mg of iodide. Evans 
et al. (1966) showed that effective doses of iodide presumably resulted in 
the formation of thyroxine in quantities equivalent to the daily injection 
of 0.25-0.5 wg. They also showed that propylthiouracil abolished most of 


the growth response to iodide. 
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According to a study of Hoch (1965), the efficacy and rapidity 
of the potentiation of DNP-induced calorigenesis by subcalorigenic doses 
of 1-thyroxine in hypothyroid rats suggested a primary action of 1-thy- 


roxine. 


C. The Effects of Catecholamines on Uptake, Release and Turnover of 
Iodine and Thyroid Hormone 


According to Hays' study (1965), when A was given 30-60 minutes 
before radioiodide, uptake was stimulated in normal human thyroid, but 
at 24 hours uptake had returned to control values. An intravenous infu- 
sion of A from 30 to 90 minutes after radioiodide injection caused a sig- 
nificant depression in the rate of thyroidal accumulation of radioactivity 
during the infusion. Maayan and Ingbar (1968) demonstrated that in isol- 
ated calf thyroid cells 1-A and NA consistently stimulated the accumulation 
and organic binding of iodine. The effect was partially inhibited by phen- 
tolamine, but not propranolol, and hence may be mediated by alpha recep- 
tors. Theophylline did not mimic or enhance the A effect, suggesting that 
the latter probably did not result from activation of adenyl cyclase. 

Ackerman and Arons (1962) reported that inorganic plasma *°*I 
levels increased 60% or more in dogs following A or NA administration. 
Dogs receiving intravenous injections of thyroid stimulating hormone (TSH), 
had significant increases in thyroid vein inorganic '*!I. The inorganic 
1311 rise occurred simultaneously with increases in PBI’**. Galton (1965) 
showed that in thyroidectomized rats, the urinary excretion of '°*I in the 


24 hour period following a single injection of '?'I-labelled thyroxine 
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was increased by adrenaline. Adrenaline and sometimes NA, when adminis- 
tered to mice for 4 days, induced a significant increase in the deiodin- 
ating activity of homogenates of mouse liver. They also showed that the 
deiodinating activity was greatly decreased in tissues obtained from mice 
pretreated with reserpine. 

The experiments of Hays and Solomon (1964) indicated that the 
rate of disappearance of '*'I-labelled thyroxine (T,-!3!I) from the serum 
in euthyroid men decreased during A treatment. Urinary excretion of !?1I 


paralleled plasma T,-'°?!I level. 


D. The Influence of Decreased Amount of Catecholamines on the Effects of 


Thyroid Hormone 


Lovei and Bona (1956) reported that rauwolfia preparations may 
well be good in hyperthyroidism. In addition, Canary et al. (1957) showed 
that severe hyperthyroidism in man was converted to a mild disease after 
two to four weeks of treatment with reserpine. However, they concluded 
that hyperthyroid patients receiving reserpine may not demonstrate the us- 
ual clinical manifestations of their disease except for an enlarged thy- 
roid gland. 

Ramey etal. (1955) proposed that in rats, the sym- 
pathetic neurohumors were involved in the expression of at least certain 
of the actions usually attributed solely to thyroxine. Gaffney et al. 
(1961) studied the effects of guanethidine, a drug that selectively inter- 
rupts adrenergic reflexes and produces tissue catecholamine depletion, on 


triiodothyronine-induced hyperthyroidism in man. After guanethidine was 
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administered to hyperthyroid patients, the heart rate returned to control 
levels and palpitation and tremor disappeared, but when guanethidine was 
withdrawn the tachycardia, palpitation and tremor returned. They suggested 
that guanethidine may be of clinical value in rapidly counteracting many 

of the manifestations of the hyperthyroid state. Lee et al. (1962) eval- 
uated the effect of guanethidine on the manifestations of hyperthyroidism 
in 27 patients. Significant improvements in the cardiovascular, neuromus- 
cular and metabolic manifestations were noted within the first week of 
treatment, and their results provide evidence of the physiological inter- 
actions between the sympathetic catecholamines and the thyroid hormones. 
Barker and Makiuchi (1965) showed that guanethidine and bretylium did not 
eliminate the peripheral effects of thyroxine in rats, although they may 
diminish responses. Goldstein and Killip (1965) suggested that guanethi- 
dine may be useful as a short-term aid in the occasional patient with severe 
heart failure and thyrotoxicosis. A note of caution was sounded, however, 
Since it was possible that guanethidine may reduce blood flow to some vas- 
cular beds out of proportion to change in oxygen demand. 

Wilson et al. (1964) studied the pharmacodynamic effects of beta 
adrenergic receptor blockade in patients with hyperthyroidism. Despite in- 
hibition of the chronotropic and inotropic effects of isoproterenol, neth- 
alide did not significantly change oxygen consumption, heart rate, cardiac 
output, and systemic mean arterial or mean right atrial pressures in these 
patients. Their findings did not support the hypothesis that the hemodyn- 
amic changes in hyperthyroidism were mediated through adrenergic stimul- 
ation of beta adrenergic receptors. Theilen et al. (1964) reported that 


triiodothyronine-induced hypermetabolic subjects and normal subjects did 
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not differ in their circulatory responses to mild exercise and that beta 


receptors were not essential for the hemodynamic changes. 


E. The Influence of Stress on Thyroid Function 


1. Emotional changes 


Brown-Grant et al. (1954) reported that emotional stress pro- 
duced in rabbits by subcutaneous faradism, restraint, or abrupt changes 
in environmental lighting induced a prompt inhibition, of 1-2 days' dur- 
ation, of the release of **1I-labelled hormone from the thyroid gland. 
Similar effects on thyroid activity were also produced by physical trau- 
mata (haemorrhage, surgical operations, injection of turpentine) but 
neither denervation of the thyroid gland (stellate ganglionectomy) nor 
adrenalectomy prevented the inhibition of release of thyroid hormone that 
follows emotional stress. Thus, they suggested that the central nervous 
system could influence thyroid activity, and that this influence was med- 
jated through alterations in the secretion of TSH from the anterior pit- 
_uitary gland. The possibility that emotional disturbances, acute or chronic, 
acting through the hypothalamus to produce a hypersecretion of TSH, may 
play a part in the etiology of Graves' disease was suggested by Brown- 
Grant (1960). Volpé et al. (1960) demonstrated the effect of physical and 
emotional tensions and strains on the fluctuation of the serum protein 
bound iodine level in groups of healthy people. The effect of the tension 
and strain of examination was observed in 11 medical students preparing 
for annual examinations and in 11 Royal College of Physicians candidates. 


Also, the stress of athletic contest on the protein bound iodine level was 
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observed in 7 professional football players in training and during their 
scheduled games. Falconer and Hetzel (1964) studied the effect of emot- 
ional stress and TSH on thyroid vein hormone level in sheep with exter- 
jorized thyroid. The results showed rises in PBI**! and PBI 15-30 minutes 
after insertion of the cannula into the jugular vein. pute cadeouen after 
these changes had subsided, similar rises were demonstrable after a series 
of firework explosions, and most consistently, after exposure to a barking 
dog. These rises lasted up to 2 hours. Restraint was followed by an in- 
crease in PBI**! and similar but larger rises in PBI!°!, PBI and also free 


1311 followed both intramuscular and intravenous administration of TSH. 


2. Muscular exercise 


Bondy and Hagewood (1952) showed that plasma protein bound iodine 
concentration of the intact rat was decreased after prolonged fasting, 
exhausting exercise and exposure to cold. This effect was not merely a 
result of suppressed thyroid function, since exercise and cold stress in- 
creased the rate of disappearance of injected thyroxine in thyroidectomized 
rats. Lashof et al. (1954) demonstrated that muscular exercise in human 
subjects produced no alteration in peripheral utilization of thyroid hor- 
mone as measured by concentration of circulating hormone and by rate of 
disappearance of injected radiothyroxine. Furthermore, studies on the 
rate of thyroxine secretion (T.S.R.) in the horse, as measured from degrad- 
ation of labelled thyroxine, were reported by Irvine (1967). In the rest- 
ing horse, the mean T.S.R. was 0.49 mg/453.6 kg (1000 1b), with a mean 
value of PBI of 1.80 ug/100 ml, volume distribution of 60 liters, and a 


half-life of 2.31 days. Partly and fully trained horses showed increases 
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of 38% and 65% in T.S.R. associated with lower values for PBI and greatly 
decreased half-life. Nayer et al. (1968) demonstrated that in 11 trained 
male athletes (20-24 years old) muscular exercise was associated with a 
decrease in the circulating free thyroxine level. And they suggested that 
an increase in the cellular utilization of thyroxine was a possible explan- 
ation of these findings. Similar observations were made by Irvine (1968). 
When non-athletic young men commenced taking daily muscular exercise 
(running) peripheral degradation of thyroxine increased after a latent 
period, reaching 40% above resting level after 6 days. Athletes in mod- 
erately severe training had a thyroxine degradation/secretion rate 75% 
above that of resting, non-athletes. This fell significantly after 3 
days' rest. PBI and free thyroxine levels were not significantly changed, 
the increase being primarily due to increased peripheral deiodination of 
thyroxine, which is believed to be due to repeated muscular exercise per 


se. 


3. Temperature 


In experimental animals, a fall in temperature accelerates thy- 
roid function and a rise in temperature depresses it. These changes may 
be responses to altered caloric requirement for maintenance of a stable 
body temperature. The response to cold is especially marked; it can be 
identified by increased size of the thyroid as well as by more rapid turn- 
over of !3!I in the gland. Returning the animals from a low to normal 
temperature promptly restores normal thyroid function. It was suggested 
that, at least in animals, increased loss of thyroxine in the feces may 


occur in cold environments and contribute to thyroid activation (Means 


i rear 
( ; ‘ 
i pau Ve ¢ : 
t - Lr) ‘ 
= : a fi 
' ; : ; 
i ' a 


Uisesip. dns 189 +ot eel ey Tewol ddtw pesstovees Ae: seetonen 
bani? I! pk t6rid Date wenoneb (seer) tp de sya Lottie ted? 
6 Aviw bets doses 24w g2tousKe “wef ugauite {bio 2169y. &S-0S), wrote» 
seit batzappue vend. baa. Sfeval oftxongit s617 Qntss iets add nfs 
~—nafgxs ofdhegog’s-25w Sit Ko Wad) to Wo itestitiu yetulfeo edd nt senate 
(8881) Snival Yd “Shem syvew @nohtevisedo veltinte -aprit bart 928d3 Yo. | 
svrovexe Yaluoewm Witsb AT ASS hOonsMNNOD ASA PNY, pant 
tnatel 5 v9d%s beessyont ant xowwnd to nottsbetesh Fsvertai sag: (gat iy 
-bom nt estetngA .eysb a yelts fsysl prizes avodé 08 pniviasay abe 9 i " 
ee) ots4 noryewee \nortsberpeb ent xowveds § bed prairie orevse stene, 4 
€ votts visasottimpie [fet 2tdT .zotalidte-nom .pntéess to sett avodelyy 
veprads Vilnsotttapre jon sisw-efsyel satxoqwny sey? Ons, 189 .teer ba 


¢ 
z 


+0! datdenitbotsh reverqtyed bsessvant ot sub yf iemhaq pnfed sesotont 
seg getovexs isfuoeum beseaqoy oF sub $d o3 povai Tae et dotetw eee 


7 
swteemel f 


“Vd, 2etsrsfsoas siudeysqned nt Mat 5 vehsmbng doled nh % ie - | 
yam 2speneio s2e5dT dt aseesnqeh erursysqmss us Sats ‘bas notdonut blo 
aidite 2/6 shee ag Qs Pee a aaae lei 0d asanoqeor 9d i: a 
adineo +? pbediem ylfetoaqes ef blog od Senoqass rT soutetogmed ybod 4 
“rind biger som Va 28. FSW. 26 ‘browns sft’ to oste beessrsni yd betthinabt 


‘airion of Wot) 8 hit ated Hd! priate! er ce | 


(11) 


et al., 1963). 


4. Surgery, disease, toxin and other stressful stimuli 


OTe seta Lc (1966) demonstrated that during the investigation 
of the influence of stressful stimuli on thyroxine metabolism, ethyl ether 
anesthesia administered during surgery has caused rapid redistribution 
of peripheral thyroxine. Since ether anesthesia causes a rapid shift 
of tissue thyroxine into the serum without measurable changes in serum 
binding, they suggested that tissue binding of thyroxine was the factor 
which determines the serum protein bound iodine at any given level of 
serum binding capacity. Ether anesthesia might alter tissue binding a- 
cutely, and it was probable that other stressful stimuli might do the 
same. 

Sterling and Chodos (1956) reported that extrathyroidal organic 
iodine in humans was diminished in myxedema and increased in thyrotoxicosis, 
as compared with the normals, and that the turnover rates of extrathyroidal 
hormone were slower than normal inmyxedema and accelerated in thyrotox- 
icosis. They also showed that hypermetabolic subjects without endocrine 
disease, but with leukemia and fever, had increases in thyroxine pools, 
turnovers and degradation rates, although these were less pronounced than 
in thyrotoxicosis. 

The effect of bacterial exotoxins on thyroid function of var- 
ious animal species has been studied by Gerwing et al. (1958). It was 
shown that a single injection of toxin depressed the rate of release of 
1311 from the thyroid glands of rats, mice and rabbits, but increased 


the rate of release in guinea pigs and Rhesus monkeys. A single injection 
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of TSH stimulated thyroid function in rats, mice and rabbits, the activity 
of whose glands had been depressed by toxin. Moreover, Gerwing (1958) 
studied the effect of continuous low grade toxic stress on thyroid function 
of rats and guinea pigs. The results indicated that such stimulus in 
rats caused primarily a depression in thyroid function followed by a per- 
iod wherein thyroid function appeared to be normal, and terminating in a 
phase of thyroid overactivity. Continuous toxic stress in the guinea pig 
caused increasing thyroid overactivity throughout the experimental period. 
The responses to various stress stimuli (noise, cold, tissue 
damage, adrenaline, pitressin, typhoid vaccine, diphtheria toxin, elec- 
troconvulsions) were investigated by Brown-Grant and Pethes (1960). In 
each case a decrease in the rate of release of }°!I from the thyroid was 
observed. Thus, they concluded that the guinea pig responded to acute 
stress with a prompt but reversible decrease in thyroid activity, as had 


been observed in other species. 


F. The Effects of Thyroxine on Synthesis, Uptake and Release of Noradren- 


aline 


The enzyme, tyrosine hydroxylase, which catalyzes the initial 
step in the formation of NA from the dietary precursor tyrosine, is in- 
hibited, in vitro, by 3-iodo-1-tyrosine. Goldstein et al. (1965) have 
shown that 3-iodo-1-tyrosine inhibits endogenous catecholamine biosyn- 
thesis in rats. As iodotyrosine is found in the peripheral blood of 
thyrotoxic or normal humans, Goldstein et al. suggested that there was 
the question whether thyroid hormones affect the biosynthesis of catechol - 


amines in vive. Recently, Lipton et al. (1968) showed marked accelera- 
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tion of the synthesis of ‘*C-NA from ?“C-tyrosine in the heart and adrenal 
of the hypothyroid rats. Landsberg and Axelrod (1968a) demonstrated that 
thyroid deficiency is associated with an increase in cardiac NA turnover 
in rats; they (1968b) also showed the reduced accumulation of *H-NA in 
the rat heart following hypophysectomy. In the study of turnover of NA 
in thyrotoxic and nonthyrotoxic mice, Beaven et al. (1963) reported that 
NA pool size and rate of synthesis were normal in thyrotoxicosis. On 

the other hand, Prange et al. (1970), after measuring the synthesis of 
NA from tyrosine in the heart and brain of hyperthyroid rats, concluded 
that hyperthyroidism probably decreases the release as well as the syn- 
thesis of NA. 

Dengler (1961) found that heart slices from hyperthyroid rats 
contained less *H-NA after incubation than those from controls. It was 
concluded from this observation that thyroxine, like cocaine, inhibited 
the uptake of catecholamines by the heart. Margolius and Gaffney (1964 
and 1965) reported that the atrial and aortic NA concentrations were re- 
duced below control levels in both the hypothyroid and hyperthyroid an- 
imals. Therefore, they suggested that the size of the sympathetic trans- 


mitter store was under the influence of thyroid hormone. 
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G. The Influence of Different Thyroid States on the Effects of Catechol- 


amines. 


1. Changes in hemodynamics 


Raab (1944) demonstrated that the tolerance of the heart to A 
was found to be distinctly lowered by pretreatment with thyroxine and 
distinctly elevated by pretreatment with thiouracil. Hoffman et al.(1947) 
showed that the hearts of hyperthyroid rats had a high sensitivity to A 
but those of hypothyroid animals had a much lower sensitivity to A. Accord- 
ing to Schneckloth et al. (1953), in patients with thyrotoxicosis a strik- 
ing diminution in pressor responsiveness to NA was observed. On the con- 
trary, in patients with long-standing myxedema, administration of 1-thyro- 
xine was associated with a marked potentiation in the systolic pressor 
responsiveness to NA. Smith (1954) showed that thyroxine immediately and 
directly increased the sensitivity of the isolated swine carotid arteries 
to l-adrenaline. Furthermore, thyroxine prolonged the constriction of 
the vasa vasorum produced by 1-A over 10 times, although the hormone alone 
did not cause constriction of either the arterial wall or the vasa vasorum. 
After the rate of contraction of isolated rat atria were modified by changes 
in temperature and by the addition of A, the experiments of Thier et al. 
(1962) indicated that atria from athyroid rats contracted slowest and those 
from thyroxine treated rats fastest. Atria from hyperthyroid rats acceler- 
ated faster than those from athyroid or euthyroid rats in response to 
warming from 23° to 35°C and to adrenaline. The maximum atrial rates ob- 
tained by warming and by adding Avaried directly with the level of the thyroid 
activity. In addition, Leak and Lew (1963) reported that treatment with 
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thyroxine did not appear to increase the cardiovascular sensitivity 

to A except in one patient treated to the stage of hyperthyroidism, 
suggesting that the synergism between thyroid hormone and the catechol- 
amines may exist only at abnormally high levels of thyroid hormone act- 
ivity. The circulatory response to insulin-induced hypoglycemia was in- 
creased by the correction of hypothyroidism, probably as a result of in- 


creased A secretion from the adrenal medulla. 


2. Changes in metabolism 


Horstmann (1954) reported that subcutaneous injection of A in 
hyperthyroid patients was followed by an increased oxygen intake, which 
was larger and reached its maximum sooner than in normals. This abnormal 
reaction disappeared after thyroidectomy. Swanson (1956) showed that 
thyroidectomy inhibited, and thyroxine potentiated, the calorigenic effect 
of adrenaline. The oxygen consumption of thyroidectomized rats varied 
linearly as the log dose of thyroxine. Further studies were done by this 
author (1957) which showed that, after oxygen consumption at 30°, 18° and 
10°C was measured in several groups of thyroidectomized rats, maintained 
on fixed levels of thyroxine, the metabolic rate varied inversely as the 
temperature. Thus, it was postulated that the main role of thyroxine in 
cold acclimatization was the potentiation of the calorigenic action of 
endogenous adrenaline. 


The dependence of the lipolytic action of A upon thyroid hor- 


mone, was studied on rat epididymal adipose tissue in vitro by Debons 
and Schwartz (1961). In the case of fat pads removed from hypothyroid 


animals, no increase in the rate of release of free fatty acids (FFA) 
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was observed after A; in the case of fat pads removed from hyperthyroid 
animals, the A-induced release of FFA was markedly exaggerated. This thy- 
roidal enhancement of A action on the fat pad was maximal in tissues re- 
moved after 15 hours from animals that had received repeated intraperitoneal 
injections of triiodothyronine. These studies showed that the thyroid 
hormone was essential for the A-induced release of FFA from adipose tissue. 
Harlan et al. (1963) demonstrated that in hyperthyroid patients there was 
a significant elevation of resting levels of FFA and an enhanced mobiliz- 
ation of FFA after catecholamine stimulation. Hypothyroid subjects pre- 
sented a wide variation in fasting levels and a broad range of response 
to catecholamine stimulation. Mobilization of FFA after catecholamine 
infusion was decreased, and this diminished response appeared to be related 
to the degree of thyroid deficiency. It was suggested that thyroid hormone 
has an effect on utilization as well as mobilization of fatty acids. Bray 
and Goodman (1965) showed that the heart rate and the lipolytic effect of 
A on adipose tissue were increased 3 hours after giving 45 ug of triiodo- 
thyronine intravenously and 6 hours after giving 15 or 45 ug of triiodo- 
thyronine subcutaneously. 

The excess of thyroid hormone enhanced the hyperglycemic effect 
of A in rats (Gellhorn and Feldman, 1941) and in rabbits (Trendelenburg, 
1953), as the result of potentiation of rat liver (Leonard and Ringler, 


1954) and rat muscle glycogenolysis (Hornbrook and Brody, 1963). 
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H. Relation Between Response to Catecholamines and Thyroid States 


Many studies point to a relationship between the level of thyr- 
oid activity and the degree of response to exogenous or endogenous cat- 
echolamines, a phenomenon which has been studied (Waldstein, 1966) in 
intact animals and man, and in isolated tissues and organs. 

The chronotropic and inotropic cardiac responses to both A and 
NA are augumented when excess thyroid hormones are present (Brewster et 
al., 1956) and, in hypothyroidism, reductions of the chronotropic responses 
have also been reported. For example, Hill and Turner (1968) have reported 
that the mean heart rate of hyperthyroid patients was significantly higher 
than that of normal subjects, while that of hypothyroid patients was lower. 
In addition Harrison (1964) has reported that thyroid hormones sensitize 
animals to the cardiovascular, glycogenolytic, and lipolytic effects of 
A and NA. However, Harrison et al. (1967) also reported that uncomplicated 
primary hyperthyroidism is not accompanied by an obligatory increase in 
activity of the sympathetic nervous system, and they suggested a sensitiz- 
ation of the cardiovascular and metabolic response mechanisms to normal 
catecholamine levels occurs in hyperthyroidism. Swanson (1956) reported 
that hypothyroidism was associated with poor response to catecholamines, 
but, on the other hand, Margolius and Gaffney (1965) reported that treat- 
ment of dogs with thyroid hormone or''?*I to render them hyperthyroid or 
hypothyroid, did not affect their arterial pressor or chronotropic cardiac 


response to either endogenously released or exogenously administered NA. 
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I. NA Content in the Tissues in Relation to Thyroid States 


No direct correlations between heart muscle catecholamines and 
thyroid hormone have been established though a number of studies have been 
made on the role of catecholamines in hyperthyroidism and in hypothyroidism. 
However, evidence has accumulated that the effects of the thyroid hormone 
on myocardial function are mediated in part through the action of NA and 
A (Kurland et al., 1963). 

In earlier studies, Leduc et al. (1955) found myocardial NA 
diminished and A increased following administration of thyroid hormone 
to rabbits. Conversely, both Goodall (1951) in sheep, and Hokfelt (1951) 
in rats, observed an increase in myocardial NA during thyroxine treatment, 
while thyroidectomy was followed by diminution of NA and increase of A, or 
no significant changes. Raab (1948) stated that myocardial catecholamines 
were unchanged or slightly increased in thyrotoxicosis. 

In recent studies, Kurland et al. (1963) showed that in thyro- 
toxicosis, atrial A and NA concentrations were decreased, ventricular A 
was unchanged and ventricular NA was decreased in rabbits. They also found 
that in hypothyroidism, atrial A and NA were decreased and ventricular A 
was unchanged, but in the hypothyroid ventricle, NA content was markedly 
increased. Wurtman et al. (1963) reported that cardiac NA content in rats 
decreased in hyperthyroid state. Kandror et al. (1967) obtained the re- 
sult that A and NA content in myocardium of the left ventricle as well as 
the metabolites of A and NA in 24 hour urines of rabbits given high thyroid 
hormone decreased, but the dopamine content was elevated. Thyroidectomy 


resulted in a statistically significant increase in the hypothalamic NA 
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content; and at the same time, increased levels of NA were noted in the 
cerebral hemispheres. On the other hand, severe thyrotoxicosis resulted 

in diminished NA levels in both areas of the brain (Nahnybida, 1967). On 
the contrary, Goodkind et al. (1961) found a decrease in atrial NA in hypo- 
thyroid guinea pigs. They reported an increased NA content in thyrotoxic 
atria. Lee et al. (1965) showed that the atria isolated from rabbits in- 
jected with thyroxine had a faster rate of beating than those from normal 
rabbits, and the NA content of the heart was increased. Yamagata et al. (1963) 
however, reported that NA content was not significantly changed in hyper- 
thyroidism though there was a tendency to decrease in hypothyroidism in 
rats. Varma et al. (1963) found that thyroidectomy greatly reduced the 
incidence of ventricular fibrillation without significantly reducing car- 
diac catecholamines. 

Kurland et al. (1963) stated that the methodology utilized in 
some earlier studies was currently acknowledged to be inadequate for acc- 
urate measurement of NA and A, and might have been responsible for discrep- 
ancies in the results; an additional source of discrepancy in the reported 
studies might rest in the considerable species differences in myocardial 
content and metabolism of catecholamines. In addition, it is possible that 
variations in perfusion and binding under different experimental conditions 
may account for some of the discrepancies reported for tissue catecholamine 


content. 


ontt oni bston. aya AN Fa 2fevel begssnant Sight omee™ aw re 
bod tyes stoma teaenail gvevee .basd verte add 00 poainiegs 
a0. .(%@OP .sblay rie) hisid any to 2678 Higod vt ateval AM bom 
-oayn nl AW fgratsé nt seboypeb 6 dbnuet ¢13er) ip 32 brtabooe XE 
Shxotownls nF tnesinos, AM beessyont is bai noqe’ yonT epg sontup bl 
aah eff ddey mov? bats !o2i atyts ott send beworle (caer fe Fic) ea 
(amrfon, mort geod mand pATTead Yo St6y vote? 6 bet SATO EES itd 
(€d@T).[6 39 stspemay -boepevont esw on odd to jnsinoo, Ait ont bre #2 es 
—youvd nt bsphada yitnsdt tinate ton esw Insinos ‘AW sent 7 a 
edt beoubey yfisatp ymotsabto wis Seay bouot (pao) ‘te is a i te 
“459 Ontoubay Vi ies Juons tw notiet Thad? 1sfuotyaney To 9 a 
_-ponbnefonzedea 96 

nt best {ity vpotabortem ‘ott tee3 betade (ener) [6°98 bat wh 
“298 107 stéhupsbsnt ed oF sobs twomios vfsnerny 26w zorbute “eh ane 9 : 7 
-“anaetb iat Bi dteno) dear issd eyed are bas ay ‘Der: mM 0 secede ) ~~ a 


a ne 


saa: 


ni methtowvdstoavd ni seseuseb ot yonsbiss 6 ew ovary novodt me 


batioden. Sat ni key 70 soe natok m6 eK ont 
(BF besa nt egananstttb bi o9qe atdanshtedos att @ fae 
i 


ee 


sent sidtzeoq at tt 07? Hobs al gn e 
enots rhnog Uthat a tna rant 9 baiupan me | 


entimpil onlsadksyaueets OF pstaae 8 


(20) 


J. Hypotheses on the Interaction of Catecholamines and Thyroid States 


Although the exact relationship between thyroid hormone and 
catecholamines has not been fully understood, several attempts have been 


made to explain nature and mechanism of their interaction. 


1. Amount of circulatory catecholamines in the blood 


Diller and Kilpatrick (1958) reported that the excretion of A 
in hyperthyroid patients was increased in parallel with its severity and 
Goldfien et al. (1961) found an increased A in plasma of hyperthyroid 
patients. They also reported that in patients with hyperthyroidism, the 
sensitivity to infused NA was distinctly increased. However, Ishida (1962) 
reported that both hyper and hypothyroid patients excreted comparable a- 
mounts of A, NA and catecholamine metabolites to normal controls, and 
suggested that the endogenous production of catecholamines was normal in 
thyroid patients. Urinary levels of NA and metabolites in hyperthyroid 
patients were not significantly different from the value found in euthy- 


roid subjects (Wiswell et al., 1963). 


2. Altered monoamine oxidase (MAO) activity 


Novick (1961) has reported that thyroxine treatment causes an 
increase in heart MAO activity in rats, and Dubnick et al. (1960) have 
shown the thyroidectomy causes a marked decrease in heart MAO activity of 
the rat. On the other hand, Spinks (1952) found a decreased MAO activity 
in the wall of the aorta in thyroxine treated rabbits. Furthermore, Spinks 


and Burn (1952), Trendelenburg {1953), and Zile and Lardy (1959) found 
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a decreased MAO activity in the homogenate of liver in rats and rabbits 
administered pulverized thyroid gland. Spinks and Burn (1952) also re- 
ported that MAO activity is increased in the liver homogenate of thyroid- 
ectomized rats. Levine et al. (1962) reported that elevated thyroid 
function was accompanied by decreased tissue levels of MAO, as measured 

in biopsy specimens of jejunal mucosa of man. Withdrawal of thyroid hor- 
mone from the hypothyroid patient was associated with increased tissue 

MAO activity. Thus, although as Levine et al. (1962) have suggested, 
altered amine levels induced by alterations in the metabolic enzymes could 
conceivably contribute to some of the manifestations of human thyroid dys- 
function, Ishida (1962) has presented evidence that activities of MAO and 


O-methyl transferase are normal in thyroid diseases. 


3. Decreased contents of catecholamines in organs 


According to the classic experiments of Brewster et al. (1956) 
total epidural block, which abolishes release of A and NA, reduced the 
elevated oxygen consumptions, heart rates, arterial pressures, and vent- 
ricular stroke volume of thyrotoxic dogs ag es levels observed in eu- 
thyroid animals, but infusion of A and NA in the blocked, thyrotoxic 
animals resulted in exaggerated hemodynamic and metabolic responses com- 
pared to the euthyroid controls. Burn (1958) showed that the spiral strips 
of rabbit's aorta, in which the tissue catecholamine was previously de- 
pleted by reserpine, responded more vigorously than untreated controls. 
Therefore, he proposed that response of an organ to A or NA was increased 


with the decrease in the content of catecholamine in that organ. Thus, 


the exaggerated sensitivity in hyperthyroidism could be easily explained 
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if the catecholamine content in the cardiovascular system was decreased. 
This, however, has not been shown but Wurtman et al. (1963) have reported 
that a part of the mechanism of the increased cardiovascular sensitivity 
to A found in hyperthyroidism in rats is related to a decreased ability 
of heart to inactivate catecholamine by binding, and thus leaving more 


"free" A available to act on its physiologic receptors. 


4. Participation of the adenyl cyclase-adenosine-3',5'-phosphate 
(cyclic AMP) system or phosphorylase a in the tissue 


Recently the importance of cyclic AMP as a second messenger for 
hormones has been noted. A number of hormones produce many of their 
effects by stimulating adenyl cyclase and thereby increasing the level of 
cyclic AMP within the cells of their target tissues. The concentration 
of cyclic AMP also depends on the activity of phosphodiesterase for its 
inactivation (Robison et al., 1970). Cyclic AMP is the chemical trigger 
mediating catecholamine action in sympathetic target organs (Sutherland 
and Rall, 1960). There is evidence for cyclic AMP participation in the 
effect of A and other catecholamines on the force of myocardial contrac- 
tion (Sutherland et al., 1966). The increased intrinsic heart rate and 
exaggerated response to sympathetic stimulation in hyperthyroidism can 
be explained by an increase in tissue cyclic AMP (Hill and Turner, 1968). 
Thyroid hormone is capable of activating myocardial adenyl cyclase in 
vitro, but this effect is not mediated by the beta adrenergic receptor 
(Levey et al., 1969). The involvement of cyclic AMP in thyroid function 
has been recently indicated by studies with thyroid hormones. Thyroid 


hormone increases the formation of adenyl cyclase and catecholamines have 
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an activating effect on the enzyme so that either of them, or both, can 
cause an increase in the amount of cyclic AMP. In contrast, thyroidectomy 
reduces the amount of the enzyme (Brodie et al., 1966). 

The thyroid status alters the lipolytic response by an altera- 
tion in the mechanism, presumably involving cyclic AMP, by anich the lip- 
ase is activated (Fisher and Ball, 1967). Triiodothyronine has been shown 
to be a competitive inhibitor of cyclic AMP phosphodiesterase, suggesting 
it exerts its lipolytic action by preventing the degradation of cyclic 
AMP (Mandel and Kuehl, 1967). Thyroxine appears to induce the formation 
of additional adenyl cyclase in adipose tissue; in contrast, thyroidectomy 
causes a reduction in the amount of the enzyme (Krishna et al., 1968). 
Furthermore, triiodothyronine increases the activity of adenyl cyclase, 
ultimately stimulating lipolysis with subsequent modulation of mitochond- 
rial regulation by FFA (Challoner, 1969). Several of these investigators 
have postulated that thyroid hormone may produce their action in adipose 
and possibly other tissues by decreasing phosphodiesterase. Due to an 
absence of adequate data, this hypothesis appears to be most applicable 
to adipose tissue at the present time (Lindsay, 1970). 

In rats, the administration of thyroxine, or triiodothyronine 
causes an increase in cardiac phosphorylase a activity which is concom- 
itant with an elevation in mean arterial blood pressure and an increase 
in heart rate. However, the cardiovascular stimulation and increase in 
| phosphorylase activity observed after intravenous injection of A are not 
potentiated by prior intramuscular administration of thyroxine (Hess and 
Shanfeld, 1965). On the other hand, Hornbrook et al. (1965) reported that 


the administration of thyroxine to rats increases cardiac phosphorylase a 
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levels and potentiated catecholamine response. Similarly, triiodothyronine 
pretreatment potentiates the effect of NA on phosphorylase a, and triiodo- 
thyronine potentiation is not the result of blockade of amine uptake 
(McNeill and Brody, 1968). However, recent study showed that A causes an 
increase in cyclic AMP, activation of phosphorylase b kinase and increased 
activity of phosphorylase a. These metabolic effects of the catecholamine 
are blocked by the beta adrenergic blocking drug, MJ-1999. Although thy- 
roxine increases myocardial phosphorylase a activity, there is neither 

an increase in cardiac cyclic AMP nor activation of phosphorylase b kinase. 
Thus, cardiac phosphorylase a activity is elevated by thyroxine through 

a mechanism different from that of A (Frazer et al., 1969). These work- 
ers suggest that this action may be due to an influence on calcium ions 
which can elevate phosphorylase a activity without an influence on the 


cyclic AMP. 


5. Altered sensitivity of adrenergic receptors 


Thyroid hormones and the catecholamines have been shown to share 
certain physiologic effects. These hormones interact synergistically, so 
that the effects of the catecholamines are exaggerated by thyroid hormone 
excess and attenuated by thyroid hormone deficiency. General adrenergic 
blockade, in part or in total, reduces the hemodynamic, neuromuscular, and 
metabolic effects of thyroid hormone excess, without entirely abolish- 
ing them. Differential blockade of alpha and beta adrenergic receptors 
appears to have relatively less effect upon hyperthyroidism, suggesting 
that both types of receptors are concerned in manifestation of thyroid 


hormone excess (Waldstein, 1966). Thyroid hormone produces the necessary 
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intracellular environment without which the steady state and emergency 
actions of catecholamines would be vitiated. In hyperthyroidism the in- 
creased concentration of thyroid hormones results in a lowering of the 
threshold for catecholamine action. For this reason it is possible to 
alleviate many of the symptoms of thyrotoxicosis by means of drugs which 
block beta adrenergic receptors (Parsons and Ramsay, 1968). However, it 
is necessary to be cautious on the interpretation of thyroid hormone pot- 
entiation of catecholamine actions in vitro. The potentiation by thyroid 
hormones of the A- or NA-induced contraction of rabbit helical aortic strips 
was caused by chelation of contaminating copper in the Krebs-Ringer medium 
(Shida et al., 1963) by the thyroxine, analogous to the removal of copper 
by EDTA. 


k= athe Purpose of ‘the Present Study 


The hypothesis to be tested in this study is that the levels of 
thyroid activity is related to altered activity in adrenergic nerves in 
contrast to changes in sensitivity of the responding organs. Specifically, 
this study is undertaken to determine if, in various thyroid states, there 
are differences in the amount, uptake and release of NA in tissues with 
high adrenergic innervation. 

In the past, experimental hyperthyroidism in animals has been 

induced by the administration of large doses of thyroid hormone for a short 
erin. such as 7-10 days. Such treatment may cause a functional change 
to occur, but it is uncertain whether histological changes typical of hyper- 


thyroidism are induced. Since both hyperthyroidism and hypothyroidism in 
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man are usually chronic, the administration of a small dose of thyroid 
hormone for longer periods, perhaps a few months, may be more reasonable 
as a method of inducing experimental hyperthyroidism in animals. It is 
well known that differences in the duration of the administration of a 
drug may account for some of the different results in drug action (Schild- 
kraut et.al. , 19713 Neff. and) Costa, 1967; Javoy et al... 1968; Schubert 

et al., 1970), which may also be true in this case. 

In the present study five tissues of rats, namely, the heart, 
brain, salivary gland, adrenal gland and vas deferens were used to inves- 
tigate whether changes in catecholamine turnover were possible under chron- 
ic hyper and hypothyroidism, and if so, whether it is general in all the 


tissues. 
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MATERIALS AND METHODS 
A. Animals 


Young-adult Sprague-Dawley, male rats weighing from 125 to 150 g 
were purchased from Hormone Assay Laboratories Inc., Chicago. Some of the 
animals were thyroidectomized and some sham-operated by the Hormone Assay 
Laboratories 4 days prior to delivery to this laboratory. All rats were 
kept, 4-5 to a cage, in a small, well ventilated, temperature controlled 
room at 22-23°C. The room was kept locked at all times to avoid disturb- 
ances by other than the investigator and necessary visits by animal attend- 
ants for feeding and cleaning. To control the influence of environmental 
lighting on aoa in the rat (Fiske, 1941) the room lighting was controlled 
with lights on for 12 hours (7:00 A.M. to 7:00 P.M.) and off for 12 hours 
each day. Other sources of light were minimal. 

Diet and water supply for the animals varied somewhat depending 
upon the conditions of the experiment. In the preliminary experiments, 
normal animals which were not thyroidectomized, were fed on the normal 
vivarian rat diet, ‘Purina Laboratory Lab Chow' and the water supply was 
normal city 'tap water'. For experiments involving thyroidectomized ani- 
mals a special low iodine diet, "Remington Type, Nutritional Biochemical 
Co.", was used and the water supply was prepared with a specific iodine 


content due to added potassium iodide. 
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B. Drugs and Reagents 


1. Aluminium oxide (Chromatographic adsorption analysis grade), The 


British Drug Houses Ltd., Poole, England. 


2. Adrenaline - 1-Epinephrine bitartrate, Sterling-Winthrop Research 


Institute. Rensselaer, N.Y., U.S.A. 


3. Noradrenaline - ?-norepinephrine bitartrate, Winthrop Laboratories, 


New-York, N.Y., U.S.A: 


4. Tritiated noradrenaline - dl-Norepinephrine-7-°H, New England 


Nuclear Corporation, Boston, Mass., U.S.A. 


5. Dopamine (3,4-dihydroxyphenylethylamine) hydrochloride, Nutrition- 


al Biochemical Company, Cleveland, Ohio, U.S.A. 


6. 1-Thyroxine, sodium salt, pentahydrate (CisHio1,NNa0,.5H20), 
m.p. 245-246°C, Aldrich Chemical Co., Inc., Milwaukee, Wis., U.S.A. 


The net thyroxine base used for the dose was calculated from 
the pentahydrate, sodium salt of 1-thyroxine as follows: 
Sodium thyroxine x 0.874 = net thyroxine. 


Ci 5Hii1,NO, 770.93 
=— = 0.874 


Ci sH1o Tu NNaQy .5H20 888 .95 


Thyroxine solution 


Thyroxine was dissolved with one volume of 0.1N NaOH, then dil- 
uted with 9 volumes of 1% NaCl; thus thyroxine was dissolved in 0.01N NaOH- 


0.9% NaCl solution, subsequently referred to as alkaline saline solution. 
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A fresh thyroxine solution was made every 3-4 days to prevent a possible 
deterioration. When the solution was not in use it was stored in a refrig- 


erator. 


7. Ether: Anesthesia grade, U.S.P. Fisher Scientific Company, Fair 


PAWN Nov .s UsS. As 


C. Induction of Hyper and Hypothyroid States and Control Animals 


Hyperthyroidism in the rats was induced by daily subcutaneous 
injection of 1-thyroxine. The amounts of thyroxine and the duration of 
administration depended on the experiments performed and are summarized 
in Tabie I. Hypothyroid and control animals were given daily subcutaneous 
injections of 1 ml/kg of alkaline saline solution, which is the same vol- 
ume of solution as that used for treating the hyperthyroid groups. 

In the preliminary experiments A, and A, hyperthyroidism was 
induced by administering thyroxine to normal rats (without thyroidectomy). 
Paired, age-matched control rats, and hyperthyroid rats were fed with a 
normal fortified laboratory diet, and all rats, in eu-, hyper- and hypo- 
thyroid groups, were allowed free access to drinking water. To avoid 
differences in the diet and to try to keep all animals under the same con- 
d‘tions, in Experiments I and II hyperthyroidism was induced by adminis- 
tering thyroxine to thyroidectomized rats. For these experiments normal 
control rats were sham-operated, and all rats in eu-, hyper- and hypothy- 
roid groups were fed on the low iodine diet and were allowed free access 


to drinking water containing 37.5 (Experiment II) - 75 (Experiment I) ug 


(es) 


eidi22eq 6 snaveyg OF aysb f-£ yvava abein zsw not autos Sitexonydt 2 
-prvts1 S.nfF bovote 26w tfoseu of tom 2aw nottutoe ont mail) Hott ano rIeN 


4isa yympamod oftttnerse yeteta .4.2.U\,sbeqp sicoetna Sc 
| | ABW poleall P 


steminA toutnod bis 263632 browydtoqyl ‘bné ssqyll! to not sgube 


i 2 


suoensduodua ylFAb Yd. beoubah eow edsy Sd3 nt + nero roryaly! 18qNH x: 
to. noftayub sid bs anitxonyls to 2tnyons SAT .SAtxotyit- =f Youn 
baxivammue sis bis bemotisq efnsmijagxs sig 16 bebnegeh dadalll i aa a! 
auganssusdue yftsb nevip saw afsmias Toxsios bis bhomytoqylt 1 ofdeh: H 
-lov omee ant ef rotdw .noftsuloe onifse antisdls Yo pa\im 1 to a = 
- 2QU0TP bhowynsyeavit ait pnfteayd 10F bey date 28 notsufoe to $n - 

2aw merbrowilstvqyd .sA bs yA afnaih9qx9 crentint Taq: oitd al \ is 
(umosoabt owed tuodttw) eden (enryon ot sntxonuit gated talnbs yd beouba 
6 Atiw be? srsweetes browddyaayel DAS. - 2061. forsno> berlosemoes : att | 
“oayn bone -1SqvA .-u9 of .2ted P16) ba8 witetb \inoraxgest batt i sv th 
brove of .7edsw entantab of 229998: oont donot fs sew aque browdd 

~No2 262 9ft yebrw efemhns [Te qesd of: at 163 brie Jatb ott af ee 7 
~etatmbs yd beoubnt a6w inert omy Ty bys 1 ettvemtyvegxd at eamorttb | 
lemon etnemivaqxs szett 107 -2t8y CL Rk ontxongdd eats 
—wiisegi bas -"Sqye , -ua nt ae belt: choos : 
agenns set bowolis siow bne ees pr “td 0 bo 
pu (I Inamhgqx3) av.- (1 fig a2NG pf 


(30) 


TABLE I 
THYROXINE DURATION OF 
RATS EXPT. (ug/kg/day) ADMINISTRATION DIET 
With Ay 3 7 days. Normal 
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per cent iodine in the form of potassium iodide. 

Hypothyroidism was induced by thyroidectomy and the animals were 
maintained on the low iodine diet. In the preliminary experiments A, and 
Az, the water supply was normal tap water but in Experiments I and II it 
was iodine controlled water, as described above. Paired, age-matched con- 
trols for the experiments using thyroidectomized animals (Experiment I and 
II) were sham-operated. 

Euthyroid rats, with the thyroid glands intact and fed with a 
low iodide diet can utilize iodide in the drinking water. Hyperthyroid 
rats without the thyroid glands cannot utilize iodine in the drinking 
water, but become hyperthyroid due to the administration of thyroxine. 
Hypothyroid rats without the thyroid glands cannot utilize iodide in the 
drinking water and develop the hypothyroid state. The conditions which 


existed in Experiments I and II are summarized in Table II. 


D. Assessment of Thyroid State 


The level of thyroid activity was determined by the changes of 
the body weight and heart rate. In preliminary experiments the hyperthy- 
roidism was also confirmed by measuring the oxygen consumption and rectal 


temperature. 


1. Body weight measurements 
The rats were weighed on an animal scale (sensitivity 0.1g), 
between 9:00 A.M. and 12:00 Noon. In Experiment A, the rats were weighed 


daily but for =xperiment Az, I and II the rats were weighed before and 
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after the start of the experiment, and also immediately before sacrificing. 


2. Heart rate measurements 


The heart rates of all animals were determined before and after 
the start of the experiment, and also one day before the animals were killed. 
In most experiments the heart rates were measured in ether anesthesized 
animals by taking electrocardiograms on a Beckman Dynograph recorder, 
(Taylor et al., 1967). Three needle electrodes were placed into subcut- 
aneous tissues of the anesthesized animals, two in the upper fore limbs and 
one on the midline of the backs near the tail. In the preliminary exper- 
iments for measuring oxygen consumption and rectal temperature, some of 
the heart rate measurements were made under barbiturate and some under 
ether anesthesia but, as ether anesthesia was found to be more easily con- 
trolled and reliable, it was used in all subsequent experiments for det- 
ermination of heart rates. 

The heart rates of hyperthyroid animals were significantly higher 
and the heart rate of hypothyroid rats were significantly lower than those 
of euthyroid animals. During the treatment period, hypothyroid animals 
which had normal heart rates were eliminated from their group as these an- 


imals may not have been satisfactorily thyroidectomized. 


3. Oxygen consumption and rectal temperature measurements 

Oxygen consumption measurements were made in an apparatus which 
was a modification of that described by Guyton and Farish (1959). Fig. 1 
is a diagram of the apparatus which functions on the basis of the changes 


of oxygen content in air flowing through the animal chamber. The temper- 
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Fig. 1. Diagram of the apparatus for the measurement of oxygen consumption. 
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ature of the chamber was maintained at 24°C and the oxygen in the air flow- 
ing through the chamber was measured before and during the time the ani- 
mal was in the chamber. Changes observed were due to the oxygen utilized 
by the animal. This method was used for both anesthesized and unanesthes- 
ized animals and the rectal temperature measurements and electrocardiograph 
recordings were made simultaneously with the oxygen consumption tests on 
anesthesized rats. In the unanesthesized rats the oxygen consumption mea- 
surements were made separately from the temperature and heart rate measure- 
ments as the latter required that the animals be anesthesized. 

Rectal temperatures were first measured with a Yellow Springs 
Instrument Co. Telethermometer and later with a thermocouple probe with 
recording on an Electronic 19, Honeywell Recorder. After anesthesizing 
the rat, the probe was placed in the rectum, 5 cm from the anus, and the 


rectal temperature was recorded for one minute. 


E. Radioactive Tracer Techniques 


d1-Noradrenaline-7-7H (specific activity: 39.1 wc/yg NA in Ex- 
periment A; 51.8 uc/ug NA in Experiment I; 58.8 uc/ug NA in Experiment IT) 
was diluted to 40 uc/ml with acidified isotonic saline, pH 2. Tritiated 
NA was administered at a dose of 100 uc/kg to unanesthesized rats via the 
tail vein. The animals were decapitated by a guillotine, 3 and 27 hours 
after injection in Experiment A ,and 15 minutes, 3, 6, 12 and 24 hours 
after injection in Experiment I and II. The heart, brain, salivary glands, 
adrenal glands (in Experiment Az, I and II) plus vasa defferentia (in Ex- 


periment I and II) were immediately removed, frozen in liquid nitrogen and 
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stored in a cold room at -20°C until catecholamine determinations and 
counting were done later on the same day and the following day. Radio- 
activity counting was done in a Nuclear Chicago scintillation counter using 
0.1 ml samples of the alumina eluate in 10 mls of a scintillation fluor 


containing the following ingredients: 


PPO (2,5-diphenyl oxazole) ts.2 6G 
POPOP [1,4-bis-2-(5-phenyloxazolyl )-benzene] Ossc. 1d 
Solubilizer (BBS-3) 500 ml 
Toluene 3,285 ml 


Efficiency of counting was estimated by the channels ratio 


method and radioactivity was expressed as DPM/g tissue. 


F. Catecholamine Assay Techniques 


1. Extraction of catecholamines from the tissues 


The frozen tissue was weighed, crushed and homogenized in 4 vol- 
umes of cold 0.4N perchloric acid (HC10,) with a glass Potter homogenizer. 
The homogenate was centrifuged at 3000 rpm for 5 minutes in an International 
Centrifuge (Universal model, UV) and 2 ml of clear supernatant fluid was 
transferred to a small beaker containing 500 mg of activated aluminium oxide 
(A103) and 7 mls of 0.5M Tris buffer. The mixture was stirred on a mag- 
netic stirrer and the pH adjusted to 8.4 with the aid of a pH meter. The 

mixture was then transferred to a stoppered centrifuge tube and gently 
| shaken on a Teckni Lab Instrument Co. Rotator, Model 71, for 15 minutes. 
After shaking the mixture was centrifuged at 3000 rpm for 5 minutes and 


the supernatant fluid was aspirated off and discarded. The alumina dep- 
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osit was resuspended and washed with 10 mis of distilled water before 
again centrifuging and discarding the supernatant washings. The adsorbed 
catecholamines were eluted from the alumina by addition of 3 mls of 0.O5N 


HC10, and gently shaking for 15 minutes prior to centrifugation. 


2. Oxidation and fluorescence measurements 


To a 1 ml aliquot sample of the clear supernatant eluate there 
was added, in timed sequence, 1 ml of 0.1M EDTA reagent, 0.2 ml of I2 ox- 
idizing reagent which was allowed to act for exactly 2 minutes before add- 
ing 0.2 ml of alkaline sulphite reducing reagent which was followed in 
exactly 2 minutes with 0.2 mls of 5N acetic acid reagent. The mixtures 
were shaken after each addition and, after the addition of the acetic acid, 
were placed in a boiling water bath for 3 minutes for fluorescence devel - 
opment. Tne tubes were then cooled rapidly in a cold water bath and allowed 
to come to room temperature, and the solutions were placed in quartz cuv- 
ettes for fluorescence determinations. 

The fluorescence of each sample was determined with an Aminco- 
Bowman spectrophotofluorometer at three different wavelengths and calcul- 
ations for each amine was done by use of the following equation and the 
differential equations below. 

ug CA/g tissue = (FS - FIB)/FSt x 0.5 x 3/1 x 5/2 x % Recovery, 

where: 


FS = fluorescence of the sample 


FTB = tluorescence of the tissue blank 
FSt = fluorescence of the standard (0.5 ug/m1) 


3/1 anc 5/2 = dilution factors. 
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Wavelengths used in these determinations were: 


Wavelengths (mz) 


Activation Emission 
Adrenaline 410 500 
Noradrenal ine 385 485 
Dopamine 320 370 


3. Differential calculations 


The content of A and NA in the tissues were calculated by the 
differential fluorescence method reported by von Euler (1959) and values 
were corrected for a recovery of approximately 65%, determined for each 
tissue as described below. At the wavelengths indicated above the rela- 
tive fluorescence of the lutines were sufficiently different to allow their 
estimations in the equations: 

A = yNAa + xAa 
B 


YNAb + xAb 
where: 

x and y are the amounts of A and NA; 

A and B are the fluorescence readings for wavelengths a (for A, 
410/500) and b (for NA, 385/485); and 

Aa, Ab, NAa, and NAb are the fluorescence readings per 0.5 ug, 
with wavelength settings a and b for adrenaline and noradrenaline respec- 
tively. 

For the estimation of DA the same method was used with DA sub- 

stituted for A in these equations. This would create a small error but 


tests showed that the estimate for DA was reasonably correct. The endo- 
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genous DA content was measured in all the tissues tested. However, in the 
heart, salivary glands and vasa defferentia the DA values obtained were so 
low they were omitted, and only the values of the brain and adrenal glands 
were shown. The calculation of this data was programmed for an Olivetti- 

Underwood Progvamma (Model 101), -and this program was used for all calcul- 


ations. 


4. Determination of the recovery of catecholamines from the tissues 


Concurrently with each set of catecholamine determinations sep- 
arate controls and recovery determinations were made on the tissues of 
two rats. After homogenizing the tissues as indicated above the homogen- 
ate from each tissue was divided equally. To one sample of the homogen- 
ate 0.5 ug of NA was added to at internal standard a (ISa) and to the 
second was added an equal volume of the 0.05N perchloric acid solvent, to 
form internal standard b (ISb). The extraction and fluorescence develop- 
ments were done for each tissue as described above and the percentage re- 
covery of the added NA was calculated as follows: 

% Recovery = [3(ISa - ISb)/NA Std] x 100 
where: 
3 is the dilution factor, 
ISa is the fluorescence of the internal standard a, 
ISb is the fluorescence of the internal standard b, and 
NA Std is the fluorescence of the NA standard solution (0.5 ug/ml 
of NA). 
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5. Preparations of blanks, standards and reagent solutions 


Tissue blanks were prepared by treating a 1 ml aliquot sample 
of the alumina eluate as in other oxidation tests except that the orders 
of adding the alkaline sulphite reagent and the iodine reagent were rever- 
sed so that no oxidation took place. The reading of the tissue blank was 


subtracted from the reading for the test solution. 


Reagent blanks were prepared by treating a 1 ml sample of 0.05N 
HC10, as in other oxidation tests but as no catecholamine was present no 
color was developed. This sample was used to adjust the zero reading on 


the fluorometer. 


Standard catecholamine solutions were prepared for adrenaline, 
noradrenaline and dopamine at a concentration of 0.5 ywg/ml in 0.05N HC10,. 
One ml samples of each of these were oxidized along with each set of tissue 
tests as reference standards for calculation of the catecholamine content 


of the tissue samples. 


The Tris buffer used was a 0.5M solution of tris(hydroxymethy] ) 


aminomethane base which was titrated to pH 9 with 2N HCl. 


The 0.1M EDTA reagent used was prepared by dissolving 37.2 g of 
disodium ethylenediamine tetraacetate dihydrate in a litre of 1M sodium 


acetate solution. The pH was adjusted to 7 with 5N NaOH. 


The iodine reagent was prepared by dissolving 1.27 g of iodine 


crystals in 100 ml of absolute alcohol. 


The alkaline sulphite reagent was prepared by diluting 1 ml of 
25% Na2SO3 (anhydrous) in 9 mls of 5N NaOH. This solution was freshly 
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prepared just prior to use. 


6. Statistical method 


The standard errors of the means of the results were calculated 
using the following formula: 
Ex2y-o(Ex/n)?2 
n(n -1) 


Student's t-test was used to calculate the significance of the 


SE = 


difference between the two different states (such: as euthyroid group and 


hyperthyroid group, or euthyroid group and hypothyroid group) which were 


compared: 
x -y 
eS 
E(x, - x)* + zly = y)? 
entre (1/Nx + 1/Ny) 
where: 


Nx and Ny are the sample sizes, 
x - y is the difference between the sample means, and 
x(x - x)? and L(y - y)* are the sums of squared differences. 
P values were obtained from Fisher's distribution tables. 
When an exceptionally large or small value was found in the 
samples of values obtained in the experiments, Grubbs' test (1950) was 


used to help make a decision on whether such a value may be discarded: 


m= Ex/n S* = E@e - x)*/n 
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where: 
x is sample mean, 
n is sample size, 
X(x - x)* is sum of squared differences, 
S is the standard deviation, 
< is an exceptionally large or small value, and 
ue is a value compared with the value obtained from Grubbs' if? 


table. If the values of ie obtained through calculation exceeds the value 


given in the following table, the questionable value can be discarded: 


Frank E. Grubbs 


N 1% | «| yf ow jee Pw | owe 10% 
a 
Sarvely O04 1.414 1.412 1.406 
4 1.723 1.710 1.689 = 1.645 
se I 1.955 1.917 1.869 1.791 
6 2.130 2.067 1.996 | 1.894 
7 2.265 2.182 2.093 1.974 
8 2.374 2.273 2.172 2.041 
9 2.464 2.349 2.237 2.097 
10 2.540 2.414 2.294 2.146 
11 2.606 2.470 2.343 2.199 
12m) /) 2.663 2.519 2.387 - 2,299 
13 | 2.714 2.562 2.426 2.264 
“4 2.759 2.602 | 2.461 | 2.297 
rat 2.800 2.638 ~—si| 2.493 2.326 
16 | 2.837 2.670 | 2.523 2.354 
17, OF 2.871 2.701 : 2.551 2.38) 
18 | 2.903 2.728 2.577 2.404 
190) 4 2.932 2.754 | 2.600 2.426 
20 2.959 2.778 | 2.623 2.447 
21 2.984 2.801 2.644 | 2.467 
22 3.008 | 2.823 2.664 2.486 
23 | 3.030 2.843) ¢ 2.683 | 2.504 
ae 3.051 | 2.862 2.701 | 2.520 
25 lator3o71 | 2.889 2 | 2.537 
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RESULTS 


A. Preliminary Experiments 


1. Evaluation of the heart rate measurement method of determining 
the thyroid state 


The heart rate, oxygen consumption and rectal temperature were 
measured simultaneously in the same animal, to evaluate the heart rate 
method of determining changes in thyroid states. Under anesthesia due to 
intraperitoneal administration of 50 mg/kg of sodium pentobarbital or of 
250 mg/kg of sodium barbital, the heart rate was about 360 beats/min, the 
oxygen consumption 0.013-0.018 ml/min/g body weight, and the rectal temp- 
erature approximately 36°C, when these were measured simultaneously in 
normal rats (Table III). When these physiological properties were measured 
separately with different experimental conditions the values obtained 
varied somewhat from the above. The heart rate under ether anesthesia, 
was approximately 400 beats/min, the oxygen consumption, without anesthesia, 
was 0.016-0.017 ml/min/g body weight, and the rectal temperature under an- 
esthesia due to sodium barbital (200 mg/kg) was 38°C. In hyperthyroid an- 
imals the heart rate, oxygen consumption and rectal temperature were 510- 
550 beats/min, 0.023-0.024 ml/min/g, and 39°C respectively, which were 
significantly increased when compared with the control animal (Fig. 2). 

These results are consistent with those reported by Leblond and Hoff (1944) 
| who said that thyroxine increases, in a parallel fashion, the heart rate, 
oxygen consumption and body temperature of rats. Thus the heart rate can 


be used as an indicator of changes in the thyroid state in these experiments. 
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Fig. 2. The influence of the dose of thyroxine on the body weights, heart 
rates, oxygen consumption and rectal temperature of rats. Age-matched 
normal rats were treated with 100 or 200 ug/kg/day of thyroxine for two 
weeks. The euthyroid control animals received 1 ml/kg/day of alkaline 
saline solution. | = S,E. of the mean; * indicates p<0.05, treated vs 
éuthyroid controls. No. of animals: 5-8/group. Data for this figure are 


tabulated in Table X of the Appendix. 
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2. Determination of an adequate dose of thyroxine --(Experiments Aj, 
A. and I) 


In most experiments reported in the literature, large doses of 
thyroxine have been used for short periods to induce hyperthyroidism in 
animals. Such doses are fatal if used for prolonged periods. In this 
work we wished to simulate the chronic disease state and therefore some 
preliminary experiments were necessary to determine an adequate dose of 
thyroxine which could be administered for 8 to 12 weeks. 

Twenty-eight thyroidectomized rats and 37 normal rats were div- 
ided into three groups for hypothyroid, thyroxine treated and euthyroid 
controls. Thyroxine was given to half of the normal animals in increas- 
ing doses of 3, 25 and 50 ug/kg/day for 7, 11 and 5 days respectively. At 
the end of seven days of treatment at 3 ug/kg/day the heart rate was not 
different from the controls so the dose was increased to 25 ug/kg/day of 
thyroxine. However, at the end of a further 11 days of treatment the heart 
rate elevation was not significantly different from the controls so the 
dose was again elevated to 50 ug/kg/day of thyroxine. 

In the hypothyroid group (thyroidectomized rats) the heart rate 
and body weights were markedly different from the control animals as in- 
dicated in Fig. 3. These thyroidectomized animals did not gain weight 
throughout the experiment and their heart rates continued to fall relative 
to the euthyroid controls. 

The doses of thyroxine used in Experiment A; did not appear likely 
to induce a satisfactory hyperthyroid condition even if given for prolonged 


periods. There*ore a second experiment (A) was done using a series of 
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Fig. 3. he inftuence of the dose of thyroxine and the duration of treat- 
ment on the body weights and heart rates in rats (Experiment Ai). Age- 
matched normal rats were treated with 3 ug/kg/day of thyroxine for the first 
7 days and 25 yg/kg/day for 11 days followed by 50 ug/kg/day for 5 days. 

The hypothyroid rats were thyroidectomized and they, as well as the control 
rats, received | ml/kg/day of alkaline saline solution. |- See wor) the 
mean; * indicates p<0.05, treated vs euthyroid controls; ** indicates sod- 
jum barbital anesthesia (250 mg/kg/i.p.); *** indicates ether anesthesia. 


Data for this figure are tabulated in Table XI and XII of the Appendix. 
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higher doses for varying time periods. In this experiment doses of 100, 
200, 400 and 800 ug/kg/day of thyroxine were administered subcutaneously 
for 8, 7, 3 and 2 weeks respectively to normal rats. A similar group of 
normal rats were maintained as controls and were also treated daily by 
Subcutaneous injections of 1 ml/kg/day of alkaline saline solution which 
was equivalent to the volume given to the thyroxine groups. 

One week after starting treatment with 100-800 ug/kg/day of thy- 
roxine the heart rates of all of the animals were significantly increased 
in comparison with the euthyroid controls. Tables IV and V respectively 
show the influence of various doses on the heart rates and body weights 
of these animals. The animals given larger doses were used for catechol- 
amine determinations at the ends of their respective treatment periods of 
one or two weeks, so did not live long. enough to show toxic effects of 
prolonged administration. However, it was observed that the death rate 
among animals given 200 or more ug/kg/day was elevated after 2 weeks of 
treatment, indicating that these dose levels, and possibly the 100 ug/kg/ 
day, were too high to simulate chronic hyperthyroidism. 

In Experiment I the 100 ug/kg/day dose level was used, but those 
animals were thyroidectomized and the number of deaths at that dose level 
was again too high. For that reason the dose of 25 ug/kg/day was tried with 
thyroidectomized rats and found to maintain a satisfactory elevation of 
heart rate, with a low mortality rate. As indicated in Fig. 4, in the 
course of the 8 weeks of Experiment I the body weight of the hyperthyroid 
animals at first increased faster than the controls, while the animals 
were young, but gradually this difference disappeared and their weights 
became significantly less than the control animals at the end of 8 weeks. 


Therefore the dose level of 25 ug/kg/day was considered adequate for in- 
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Fig. 4. The influence of the dose of thyroxine and the duration of treat- 
ment on the body weights and heart rates of rats (Experiment I). Three 
groups of age-matched rats were used for hyper, hypo and euthyroid controls. 
The hyperthyroid group were thyroidectomized and treated with 100 ug/kg/day 
of thyroxine for 4 weeks, after which the dose was reduced to 25 yg/kg/day 
for the remaining 4 weeks. The hypothyroid group were thyroidectomized and 
treated with 1 ml/kg/day of alkaline saline solution. The euthyroid control 
group were sham-operated but were treated daily with the alkaline saline 
injection comparable to the other groups. | - S.E. of the mean; * indicates 
p<0.05, treated vs euthyroid controls. No. of animals: 5-9/group. Data 


for this figure are tabulated in Tables XIII and XIV of the Appendix. 
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ducing a hyperthyroid state, for a prolonged period. That dose was there- 


fore used in Experiment II. 


3. Catecholamine determinations in normal and thyroxine treated 
animals -- Experiment A, 


Data for the determinations of the catecholamines in the tissues 
of the animals of Experiment Az, which were treated with high doses of 
thyroxine for a short period (400 and 800 ug/kg/day for 3 and 2 weeks 
respectively) are illustrated in Fig. 5. With the exception of the adrenal 
gland the A content was very low relative to the NA content, and DA was 
measurable in only the brain and adrenal glands. Fig. 5 shows that in the 
adrenal glands A, NA and DA are all significantly lower in the hyperthyroid 
animals as was DA in the brain but A was significantly higher in the sali- 
vary gland of the hyperthyroid animals. In the other tissues, also, the 
mean values showed a tendency toward less catecholamines in the hyperthy- 
roid animals on a ug/g tissue basis. The tissue weight changes shown in 
Table XV in the Appendix indicate a slight hyperplasia of some peripheral 
tissues in hyperthyroid animals which may account for this trend. The in- 
crease in tissue weight was significant in the hearts and adrenal glands 
only. 

Fig. 6 indicates the catecholamine content of the tissues of the 
animals treated at a lower dose for a longer period (100 and 200 ug/kg/day 
of thyroxine for 8 and 7 weeks respectively). These data indicated signi- 
- ficant differences between the euthyroid and hyperthyroid groups with re- 
spect to the A in the heart, the NA in the brain and the NA and DA in the 


adrenal glands. These..differences were all in the direction of a reduction 
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Fig. 5. The influence of the dose of thyroxine and the duration of treat- 

ment on A, NA and DA contents in rat tissues (Experiment Az). Age-matched 

normal rats were treated with 700-800 ug/kg/day of thyroxine for 3-2 weeks, 
with the lower dose given for longer periods. The control rats received 

1 ml/kg/day of alkaline saline solution. |- S.E. of the mean; * indicates 
p<0.05, treated vs euthyroid controls. No. of animals: 15/group for A and 
NA measurements and 1-12/group for DA measurement. Data for this figure 


are tabulated in Table XV of the Appendix. 
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Fig. 6. The influence of the dose of thyroxine and the duration of treat- 
ment on A, NA and DA contents in rat tissues (Experiment Az). Age-matched 
normal rats were treated with 100-200 ug/kg/day of thyroxine for 8-7 weeks, 
with the lower dose given for longer periods. The control rats received 
1 ml/kg/day of alkaline saline solution. | = S.E. of the mean; * indicates 
p<0.05, treated vs euthyroid controls. No. of animals: 13-14/group for 
A and NA measurements, and 4-12/group for DA measurement. Data for this 


figure are tabulated in Table XVI of the Appendix. 
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of the ug CA/g tissue in the hyperthyroid animals but, as indicated above, 
the tissue weights tabulated in Table XVI in the Appendix, indicate a 
slight hyperplasia in the tissues from the hyperthyroid group, which may 


account for this trend. 


4. Uptake and loss of *H-NA by tissues of normal and thyroxine 
treated animals -- Experiment Az 


The retention of intravenously injected *H-NA by the hearts of 
euthyroid rats and those made hyperthyroid by administration of thyroxine, 
100-200 ug/kg/day for 7-8 weeks is compared in Fig. 7. Three hours after 
intravenous administration of *H-NA the concentration in the heart (259 + 
12 x 10° DPM/g) of the hyperthyroid rats was lower than that of normal 
controls (302 + 40 x 10° DPM/g). On the other hand 27 hours after the ad- 
ministration of *H-NA the concentration in the heart of the hyperthyroid 
rats was higher than that of normal controls. After 27 hours the cardiac 
7H-NA of hyperthyroid rats was reduced to 35% of the amount at three hours 
after administration while the cardiac *H-NA of the normal controls was 
21% of the amount at three hours after the injection. When the tissue 
content of the heart was plotted against time, Fig.7, the degradation curve 
of the hyperthyroid rats was less steep when compared with that of the 
normal control, showing a slower fall in the radioactivity in the heart 
of the hyperthyroid animals. Table VI shows the radioactivity of the var- 
ious tissues at 3 and 27 hours after injection of *H-NA. No significant 
change was observed between the hyperthyroid and normal control animals 
with regard to the brain and salivary glands but, in contrast to the heart, 


the adrenal glands showed a higher efflux rate (Supporting data in Tables 
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Fig. 7. Accumulation and loss of *H-NA by rat hearts under different 
thyroid states (Experiment Az). Hyperthyroid and normal control rats re- 
ceived 100 uc/kg of *H-NA via the tail vein, and were sacrificed 3 and 

27 hours after injection. Each point represents the MeantS.E. of determina- 


tions from 6 to 7 rats. Data for this figure are tabulated in Table XVII 
of the Appendix. 
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XVII and XVIII in the appendix). 

The results on the accumulation of *H-NA in the tissues of rats 
given 400-800 yg/kg/day of thyroxine for 2-3 weeks are given in Table VII. 
When the tissue contents of *H-NA were plotted against time, the fall in 
radioactivity was approximately linear and parallel for the normal controls 
and hyperthyroid animals, showing no remarkable change in the efflux rate 
from those reported above for the lower dose of thyroxine (Supporting data 


in Tables XIX and XX in the appendix). 


B. Experiment I. Catecholamine Content and Accumulation and Loss of 


Tritiated Noradrenaline by Tissues of Hyper, Hypo and Euthyroid Rats 
Treated for 8 Weeks 


In order to keep more uniform conditions between the three groups 
of rats in this experiment, thyroidectomized animals were used for both 
the hyper and hypothyroid groups and sham-operated animals were used for 
the control group. As indicated in Table II all animals were given the 
same diet and drinking water. In the preliminary ateerinents it was found 
that the administration of 100 pg/kg/day of thyroxine for 8 weeks to normal 
animals without thyroidectomy did not cause fatalities. However, during 
the administration of 100 ug/kg/day of the hormone for 4 weeks to thyroid- 
ectomized animals there were some deaths. Therefore the dose was reduced 

to 25 ug/kg/day for the following 4 weeks. As indicated in Fig. 4 the 
heart rate remained significantly higher in the thyroxine treated animals 
and the body weights were significantly above the hypothyroid group but 


not above the euthyroid group. 
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At the end of the eight week period of treatment all animals 
were given a 100 uc/kg dose of *H-NA by tail vein. Each group of animals 
was divided into five sub-groups which were killed 15 minutes, 3, 6, 12 
and 24 hours after the *H-NA was administered. The hearts, brains, sal- 
ivary glands, adrenal glands and vasa defferentia were removed for cate- 
cholamine assay and radioactivity determinations. 

The data from the catecholamine determinations are illustrated 
in Fig. 8 and the supporting data is in Table XXI of the Appendix. As the 
catecholamine content of the tissues did not show any significant differ- 
ences between the various timed groups the table shows the mean + standard 
error of all the tissues from each thyroid group, without consideration for 
the subgrouping. The A in the hearts of the hyperthyroid animals was sig- 
nificantly lower than in the hearts of the euthyroid animals but the tissue 
weights indicate some hyperplasia. In the vasa defferentia the situation 
was reversed and the tissue contents of A and NA in the hyperthyroid rats 
were significantly above the controls but the tissue weights were also 
lower. In the adrenal glands the A appeared slightly but not significantly 
higher in the hyperthyroid rats while the NA was significantly lower. 

There was no evidence of hyperplasia in the adrenal glands of the hyper- 
thyroid animals. 

In contrast to the hyperthyroid rats the A of the vasa defferentia 
and the adrenal glands of the hypothyroid animals was significantly higher 
than the controls as was the NA of the heart, vasa defferentia and the 
adrenal glands. The tissue weights of the hypothyroid animals were con- 
sistently significantly lower than the euthyroid or hyperthyroid animals 


as were their total body weights. 
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Fig. 8. The influence of the dose of thyroxine and the duration of treat- 
ment on A and NA contents in rat tissues (Experiment I). Age-matched thy- 

| roidectomized rats were treated with 100 ug/kg/day of thyroxine for 4 weeks; 
then the dose was reduced to 25 ug/kg/day for the following 4 weeks. The 
hypothyroid rats were thyroidectomized and they, as well as the sham-oper- 
ated control rats received 1 ml/kg/day of alkaline saline solution. 

| = S.E. of the mean; * indicates p<0.05, treated vs euthyroid controls. 
No. of animals: 22-25/group. Data for this figure are tabulated in Table 


XXI of the Appendix. 
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Table VIII shows the radioactivity per gram of the tissues mea- 
sured at various times after injection of the *H-NA, and Fig. 9 and 10 
are the efflux curves for the *H-NA from hearts and adrenal glands. Fur- 
ther supporting data from these experiments is in Tables XXII and XXIIT. 
of the Appendix. Fig. 9 and 10 show essentially the same kind of inform- 
ation. That is, there is no significant difference between the accumula- 
tion and efflux rates of *H-NA under hyperthyroid and euthyroid conditions 
but under hypothyroid conditions the uptake is reduced and the efflux rate 
is increased during the first 6-12 hours after injection of *H-NA, but sub- 
sequently falls off to approach or to be below the efflux rates of *H-NA 
from the euthyroid and hyperthyroid groups. 

The data for the other tissues (Table VIII) did not show a con- 
sistent pattern. In both the salivary glands and the vasa defferentia the 
initial accumulation of *H-NA was significantly higher in the hyperthyroid 
group than in the euthyroid controls, but at subsequent times this differ- 
ence was not statistically significant. In the salivary gland of the hypo- 
thyroid group the *H-NA content was not significantly different from the 
controls but in the vasa defferentia the hypothyroid groups were signif- 
icantly higher at the 6 and 12 hour periods. As was to be expected due 
to the blood-brain barrier, the radioactivity of the brain was very low 
compared with peripheral tissues, having less than 1% of the radioactivity 
of the heart and less than 4% of the radioactivity of the salivary gland. 

As the radioactivity at various time periods was erratic it may be that it 
| simply reflects the trapping of labelled metabolites in the tissues of 


the brain. 
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Fig. 9. Accumulation and loss of °H-NA by rat hearts under different 
thyroid states (Experiment I). Hyperthyroid, hypothyroid and sham-operated 
control rats received 100 uc/kg of *H-NA via the tail vein, and were sac- 
rificed 15 minutes, 3, 6, 12 and 24 hours after injection. Each point 
represent the MeantS.E. of determinations from 4 to 5 rats. Data for this 


figure are tabulated in Table XXII of the Appendix. 
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Fig. 10. Accumulation and loss of *H-NA by rat adrenal glands under diff- 
erent thyroid states (Experiment I). Hyperthyroid, hypothyroid and sham- 
operated control rats received 100 uc/kg of *H-NA via the tail vein, and 
were sacrificed 15 minutes, 3, 6, 12 and 24 hours after injection. Each 
point represents the MeantS.E. of determinations from 4 to 5 rats. Data 


for this figure are tabulated in Table XXIII of the Appendix. 
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C. Experiment II. Catecholamine Content and Turnover of Tritiated Nor- 
adrenaline in Tissues of Hyper, Hypo and Euthyroid Rats Treated for 12 


Weeks 


Thirty-six sham-operated and 98 thyroidectomized, age-matched 
rats were used in this experiment. Fifty-four thyroidectomized animals 
were treated daily with 25 ug/kg of thyroxine and constituted the hyper- 
thyroid group. Forty-four thyroidectomized animals were injected daily 
with the alkaline saline medium but given no thyroxine, and used as the 
hypothyroid group, while 36 sham-operated animals were maintained as a 
euthyroid control group, and similarly injected with the alkaline saline 
medium. All animals were fed on the low iodine diet and had 37.5 ug of 
iodine per 100 mls of drinking water. These rats were maintained on these 
regimes for 12 weeks. Sample groups were periodically weighed and tested 
for their heart rates, and all animals were similarly tested on the 12th 
week as indicated in Tables XXIV and XXV_ of the Appendix. Figure 11 
indicates the changes in heart rate and body weight over the period of 
treatment. 

The body weights of the hypothyroid rats did not increase sig- 
nificantly during the period of treatment but those of the hyperthyroid 
and euthyroid animals increased by approximately 100%. The heart rates 
of the thyroidectomized animals were all lower than the sham-operated 
controls at the beginning of the experiment but, while the heart rates 
of the hypothyroid animals continued to fall those of the hyperthyroid 
group rose to be significantly higher than those of the control group. 


At the end of the 12 week period of treatment all the animals 


r 


~7oll_batotttaT 76 yavenieT be! angsnod/ en tins lk 
Mf 40% bddgenT ori Stox toa bag! age 27 sah 


hodotem-sp5 _bextmoszabroyas. 82 bets botevego-mile xbany a hat 
atamina boestrofoobrowsas siinaerstel Inamitveqxe eid ni baru. onaw 2 


-ysavd add bedustzenos’ drs sa txowyid’ to pa\py. es ia fw cf tab stati ae 


vitéb.b besoat Ar syow efamins bestmosoabtowsdt 1008 -yI0, “quong 


oi 
off 28 bseu bos .smixorvyad of indvip fwd mut bam oni fsa. oni ffs ord si | 
6 2& bentsiniom svow efeitos batsyeoormede, af Siti «ort i 

; Re 


antise sniTed!s sat wWitw betosqit visvehimte bos .quonp ait bhowyaisue 


to pu 2. VG bee bas Jorb: Sntbot wor sd no bet stew elsmias TIA mut : 


229NF NO Hentesnien omy etsy geanT  wistsw pntdatab to etm ODOT +9¢ a fi 1th 


bsveeT ons berplew vilssrbarysedq syow 2quorp SI qoee vedgew Sf ot ean | 
ASS! 9dt no bovest yilasifnte syow 2tenitins [fs bas Cer Jyssit: vtadt | oF 
fT svupii .xfbasqagA srt to. VXX bane VIXK 2ofdeT nt iiccpiat bs , 
‘to boiveg alt vevo Jdpfow vbed bas stan presen at eepneita and 23 . + 7 

: i 

~pt2 senaiant ton bib atey browWddéqyd att to 2ariete: ybod wae a ie " 
browssisayd six to seodt aod sian ao to. boPied 9 entra edna . 
satay dvead sAT .k00T bane ‘ beanoroit | 


(67) 


600, 600 i | 
Euthyroid — Hyperthyroid Hypothyroid a 
500L 500) 
400, 400, * 
= oe 
faa) EE 
=~3001.. = 300 
ie z 
200 = 200 


100 100 il 


BW HR 
Thyroxine dose (jug/kg/day) initial 
Time (weeks of treatment) 


Fig. ll. The influence of the dose of thyroxine and the duration of treat- 
ment on the body weights and heart rates in rats (Experiment II). Three 
groups of age-matched rats were used for hyper, hypo and euthyroid controls. 
The hyperthyroid group were thyroidectomized and treated with 25 wg/kg/day 
of thyroxine for 12 weeks. The hypothyroid group were thyroidectomized and 
treated with 1 ml/kg/day of alkaline saline solution. The euthyroid control 
groups were sham-operated but were treated daily with the alkaline saline 
injection comparable to the other groups. | - S.E. of the mean; * indicates 


p<0.05, treatec vs euthyroid controls. No. of animals: 6-12/group. Data 


for this figure are tabulated in Tables XXIV and XXV of the Appendix. 
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were given a 100 yc/kg dose of *H-NA by tail vein. Each of the three groups 
of animals were divided into five subgroups which were killed 15 minutes, 
3, 6, 12 and 24 hours after the *H-NA was administered. The hearts, brains, 
salivary glands, adrenal glands and vasa defferentia were removed for cat- 
echolamine assays and radioactivity determinations. 
The catecholamine content did not change significantly in each 
of the time periods for the various subgroups so the mean + S.E. of the 
larger groups were determined for each tissue and illustrated in Fig. 12, 
with supporting data in Table XXVI of the Appendix. The dopamine deter- 
minations showed insignificant amounts in all tissues except the brain 
and adrenal glands and therefore do not appear in Fig. 12 or Table XXVI. 
There was no significant change in the content of endogenous A 
in the heart, brain, salivary gland, adrenal gland and vas deferens of 
the hyperthyroid rats when compared to those of the euthyroid animals. 
The content of A increased in the adrenal gland and vas deferens of the 
hyperthyroid rats when. compared to those of the euthyroid animals. The 
content of A increased in the adrenal gland and vas deferens of the hypo- 
thyroid rats, but not in the heart, brain and salivary gland. The content 
of endogenous NA was elevated in the salivary gland of hyperthyroid animals, 
but no significant change was observed in the heart, brain, adrenal gland 
and vas deferens. The content of NA increased markedly in all of the tested 
tissues of the hypothyroid rats. The content of endogenous DA showed no 
appreciable change in the brain and adrenal of the hyperthyroid animals, 
but it was markedly elevated in the adrenal gland of the hypothyroid rats. 
Table IX indicates the progressive changes in radioactivity per 


gram tissue which occurred following injection of the *H-NA, and Figs. 13 
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Fig. 12. The influence of the dose of thyroxine and the duration of treat- 
ment on A, NA and DA contents in rat tissues (Experiment II). Age-matched 
thyroidectomized rats were treated with 25 ug/kg/day for 12 weeks. The 
hypothyroid rats were thyroidectomized and they, as well as the sham-oper- 
ated control rats received 1 ml/kg/day of alkaline saline solution. | - 
S.E. of the mean; * indicates p<0.05, treated vs euthyroid controls. No. 
of animals: 30/group for A and NA measurement, and 2-15/group for DA meas- 


urement. Data for this figure are tabulated in Table XXVI in the Appendix. 
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and 14 show the efflux of tritium from the hearts and adrenal glands of 
the hyper, hypo and euthyroid animals. Further supporting data is in 
Tables XXVII and XXVIII of the Appendix. As found in the previous exper- 
iment (Fig. 9) the accumulation of *H-NA in the hearts of the hypothyroid 
animals was below those of the hyperthyroid and euthyroid animals, and 
the rate of efflux, as indicated by the slopes of the efflux curves, was 
distinctly greater during the first 12 hours, but approximately the same 
as the control group during the second 12 hours. 

| Comparing the accumulation and efflux of *H-NA by the hearts of 
hyperthyroid with the data from euthyroid rats (Fig. 13) it can be seen 
that the first four pairs of points on the curves are not significantly 
different but the points in the last pair are significantly different. In 
general these data are in agreement with that from Experiment I and, with 
the exception cf the last point, indicates that there is no significant 
difference in either the acumulation or efflux rates of the *H-NA in the 
hearts of hyper and euthyroid rats. 

Fig. 14 indicates that the accumulation and efflux patterns of 
3H-NA in the adrenal glands of hyper, hypo and euthyroid rats are very 
similar to those in the heart, the notable differences induced by changes 
in thyroid states being the reduced accumulation and increased efflux rates 
in the hypothyroid animals. 

In the salivary glands and vasa defferentia no significant diff- 
erence occurred in the patterns of accumulation and efflux of °H-NA in 
altered thyroic states. In the brain, as in Experiment I, the uptake was 
very low compared with the other adrenergically innervated tissues but, 


consistent with the others, the radioactivity in the brain tissues from 
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Fig. 13. Accumulation and loss of °H-NA by rat hearts under different 
thyroid states (Experiment II). Hyperthyroid, hypothyroid and sham-operated 
control rats received 100 yg/kg of °H-NA via the tail vein, and were sacri- 
ficed 15 minutes, 3, 6, 12 and 24 hours after injection. Each point repre- 
sents the Mean+S.E. of determinations from 6 rats. Data for this figure are 


tabulated in Table XXVII of the Appendix. 
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Fig. 14. Accumulation and loss of *H-NA by rat adrenal glands under diff- 
erent thyroid states (Experiment II). Hyperthyroid, hypothyroid and sham- 
operated control rats received 100 uc/kg of *H-NA via the tail vein, and 
were sacrificed 15 minutes, 3, 6, 12 and 24 hours after injection. Each 
point represents the Mean+S.E. of determinations from 6 rats. Data for this 


figure are tabulated in Table XXVIII of the Appendix. 
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hypothyroid animals was lower than that in the hyper and euthyroid animals. 
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DISCUSSION 


The objective of this work was to investigate the possibility 
that the observed elevated responses to catecholamines in hyperthyroid an- 
imals and human patients may be due to altered activity in the adrenergic 
nervous system, in contrast to or in addition to increased sensitivity of 
the responding systems. 

In most investigations using animal experimentation, the hyper- 
thyroid state was induced by giving large doses of thyroxine for relatively 
Short periods, whereas in humans the disease states are usually chronic 
and characterized by slow development of either hyper or hypothyroidism. 
For this reason it was felt to be desirable to develop the hyperthyroid 
State in the experimental animals by relatively low doses of thyroxine over 
a prolonged period of time to simulate the chronic state of the disease. 

In addition it has been shown by Zaimis et al. (1969) that low doses of 
thyroxine administered to cats over a prolonged period induced histological 
changes in the muscles which may be responsible for their hyperresponsive- 
ness to adrenergic stimulation. In view of this it was thought that if part 
of the increased response was due to activity on the neuronal side of the 
neuro-effector junction this also may be more effectively demonstrated by 
simulating the chronic state of the disease by giving low doses for a pro- 
longed period. 

For this work it was essential to first establish criteria for 
hyper and hypothyroidism and the dose level of thyroxine which would dev- 
elop symptoms of hyperthyroidism that could be maintained for a prolonged 


period without a high mortality rate. Although the classical method of 
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evaluating hyperthyroidism in animals has been to observe the increase in 
metabolic rate as indicated by increased oxygen utilization, it was felt 
that for this work, in which particular attention was paid to the relation- 
Ship between hyperthyroidism and the responses to adrenaline and noradren- 
aline, it would be desirable to consider the cardiovascular responses. 
Because an elevated heart rate is one of the symptoms of hyperthyroidism 

it was decided to use the method of Barker et al. (1965) based on elevated 
heart rates to assess the induction of the hyperthyroid state. The prelim- 
inary experiments were therefore concerned with testing the correlation 
between elevated heart rate as a result of thyroxine treatment and other 
symptoms of hyperthyroidism, the elevated oxygen consumption and body temp- 
erature. 

The heart rates of rats were usually high at the beginning of the 
experiments but they decreased within one or two weeks after the rat arrived 
in the laboratory, and then showed fairly constant values (Table XIV of the 
Appendix). This effect may have been caused by transportation and adapta- 
tion of the rat to its new environment. The rats appeared excited when they 
reached the laboratory but after approximately one week they were calm and 
less excitable. 

Fig. 2 and 4 indicated that at the end of the period of treatment 
with thyroxine the body weights of the rats were a little less than those 
of the euthyroid animals, which was expected, due to the increased metabolic 
- rate caused by thyroxine treatment. On the other hand the body weights of 
the thyroidectomized animals in the hypothyroid group were usually lower 
than the euthyroid controls and remained relatively constant, probably be- 


cause of the removal of the thyroid gland which contributes to growth. 
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In the preliminary experiments there was some variation in the 

measurement of oxygen consumptions, rectal temperatures and heart rates. 

The heart rates of normal rats reported in Table III are lower than those 

of normal animals in the second tests (Table X in the Appendix). This was 
probably due to the anesthetic, as sodium barbital (250 mg/kg) was used in 
the former experiment and ether in the latter. Similarly the rectal temp- 
erature of the normal rats in the first measurement (Table III) appeared to 
be lower than those of the normal rats in the second experiment (Table X). 
This effect may also have been caused by the depth of anesthesia but it 
could have been due to the recording instrument, which was changed between 
the first and second experiment. In the second experiment the anesthetic 
used for measurement of rectal temperature was again sodium barbital but 

at a lower dose level (200 ug/kg). In subsequent experiments ether anes- 
thetic was used as this was easier to apply, caused fewer deaths and the 
results of temperature and oxygen utilization measurements were more uniform. 
These preliminary experiments indicated that the heart rates and body weights 
were useful indicators of the change in thyroid state induced by the exper- 
imental conditions. 

In Experiment Az the hyperthyroidism was induced by administration 
of thyroxine to normal rats without thyroidectomy, and they were fed on nor- 
mal fortified laboratory diet. On the other hand, in Experiments I and I] 
the hyperthyroidism was induced by administration of thyroxine to thyroid- 

ectomized rats, which were maintained on low iodine diet and iodine-contain- 
| ing drinking water. The purpose of this change was to attempt to keep the 
hyperthyroid rats under as close as possible to the same experimental cond- 


itions as the hypo and euthyroid animals. The content of the endogenous 
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catecholamines in the tissues of the normal rats made hyperthyroid tended 
to be lower than that in the euthyroid controls (Fig. 5 and 6, Experiment 
A>), whereas in the thyroidectomized animals made hyperthyroid (Fig. 8 
and 12, Experiments I and II) this tendency was not present and the control 
of catecholamines in their tissues was approximately the same as in their 
euthyroid controls. These data suggest that the thyroid gland in the rats 
plays a role in the control of synthesis of catecholamines in the adrener- 
gically innervated tissues. 

The pituitary-thyroid axis with its negative feed-back relation 
has led to the concept of a control system involving a_ hypothalamic- 
pituitary-thyroid triangle. The hypothalamus secretes thyrotrophin-releasing 
factor (TRF), which stimulates the pituitary to release TSH; this, in turn 
activates the thyroid follicular cells to synthesize and release thyroid 
hormone. A feed-back control is exerted at the pituitary level and also 
may be exerted at the hypothalamus by the plasma level of circulating thyroid 
hormones (Reichlin, 1971). It has been found that adrenaline and other 
hormones including thyroxine, TSH and possibly TRF all elevate levels of 
cyclic AMP in various tissues, possibly by activating adenyl cyclase, 
suggesting that cyclic AMP is the intracellular mediator of the action of 
many hormones. In the thyroid, TSH rapidly elevates tissue levels of cyclic 
AMP by activation of the enzyme, adenyl cyclase (Pastan, 1971), and the 
released cyclic AMP promotes synthesis of the thyroid hormones. TRF may 
also act in the pituitary by activating adenyl cyclase resulting in release 
of cyclic AMP and TSH. When thyroid hormones are released into the blood 
stream there is a feed-back mechanism which controls further release of 


TSH, possibly by an action on adenyl cyclase, controlling the release of 
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cyclic AMP (Robison et al., 1971). These authors also suggest that thyroid 
hormones may also exercise a feed-back control effect on the release of 
TRF in the hypothalamus, again, possibly through the adenyl cyclase-cyclic 
AMP system. 

The hypothalamus contains considerable NA and is a centre for 
higher control over the sympathetic nervous system. The stimulation of 
the hypothalamus produces increased secretion of A and NA from the adrenal 
medulla of dogs (Goldfien and Ganong, 1962). Also stimulation of various 
parts of the hypothalamus produces a rise in blood pressure, pupillary dil- 
atation, piloerection and other signs of diffuse adrenergic discharge 
(Ganong, 1967). Thus, the release and probably synthesis of NA in peripheral 
adrenergic nerves are influenced by the hypothalamus. Since thyroid hor- 
mones probably regulate some functions of the hypothalamus by their feed- 
back mechanism, the thyroid hormones may influence the center of the sym- 
pathetic nervous system. The removal of the thyroid gland from the rat 
induces a blockade of the feed-back mechanism of the thyroid hormones to 
the hypothalamus. As a result, the release of NA from the sympathetic nerves 
may be changed. Therefore, this factor may account for some differences 
of the experimental data between the hyperthyroid rats with the thyroid 
glands intact (Experiment Az) and the hyperthyroid animals without the thy- 
roid glands (Experiments I and IT). 

In the Experiment A the rats were treated in two ways. The one 
group was administered with a relatively small dose (100-200 ug/kg/day) of 
thyroxine for a longer period (7-8 weeks), and the other group was admin- 
istered with a relatively large dose (400-800 ug/kg/day) of thyroxine for 


a shorter duration (2-3 weeks). By comparison of Table XVII and Table XIX 
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it can be seen that the radioactivity of the hearts of the former was much 
higher than that of the hearts in the latter group. That is, the former 
group showed a larger accumulation of *H-NA than the latter group. Similar 
conditions occurred in the adrenal and the salivary glands, as indicated 

in Tables XVIII and XX. This suggests that the administration of relatively 
small amount of thyroxine for a longer period induced a more marked change 
in rat tissues than the administration of relatively large amount of the 
hormone for a shorter duration. A similar example of that type of effect 
was reported by Schildkraut et al. (1971) who showed differences between 

the effects of acute and chronic administration of imipramine and protrip- 
tyline on the rate of disappearance of *H-NA from the brain as well as on 
the content of endogenous NA in the brain. They also showed that thyroxine 
influenced the rate of loss of *H-NA caused by imipramine by causing the 
loss of *H-NA to occur sooner. No remarkable differences were noted between 
the Experiment I (thyroxine 100 ug/kg/day for 4 weeks, and 25 ug/kg/day for 
the following 4 weeks) and Experiment II (thyroxine 25 wg/kg/day for 12 
weeks), with respect to NA content in the tissues or the accumulation of 
3H-NA or its rates of efflux from the hearts or adrenal glands. In these 
experiments both groups were given relatively low doses of thyroxine for 
prolonged periods. 

There is a possibility of thyroxine synthesis in extrathyroidal 
tissues of thyroidectomized rats, as thyroxine can be synthesized in the 
rat totally devoid of thyroid tissue after the administration of a large 
dose of iodide (Purves and Griesbach, 1946; Hum et al., 1951). Moreover, 
there is also the possibility of thyroxine-like effect of a large dose of 


iodide on tissues in completely thyroidectomized rats (Taurog et al., 1961, 
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and Evans et al., 1966). However, in the present study the amount of iodide 
which was given to the thyroidectomized rats is equivalent to approximately 
1/20-1/100 of the amount which other investigators have used (Purves and 
Griesbach, 1946; Hum et al., 1951) and, no increase in the heart rate and 
body weight was observed in the hypothyroid groups. Therefore, in the 
present study the extrathyroidal synthesis of the thyroid hormone or thy- 
roxine-like effect of iodide is not likely to have occurred. 

The experimental results (Fig. 13 and 14) show that for 12 hours 
after the administration of *H-NA, the efflux rate in the heart and adrenal 
gland of the hypothyroid rats is greater than that of the sham-operated 
rats, although the initial accumulation was smaller in the hypothyroid 
animals. Montanari et al. (1963) reported that at equilibrium, the slope 
of the exponential decline in radioactivity caused by disappearance of 
3H-NA from the hearts was related to the rate of NA synthesis. Catechol- 
amine determinations showed that during the course of the experiment there 
was no remarkable change in the endogenous NA contents of these tissues, 
but the amount of endogenous NA was markedly greater in the hypothyroid 
animals than that in the control rats. This fact was observed in both 
Experiments I and II, as were the increased efflux rates which appear to 
indicate an elevated NA turnover and synthesis in the hearts and the ad- 
renals of the hypothyroid rats. This increased rate of turnover may be due 
to a disturbance in the storage mechanism due to the labelling dose, but 
Tf SOLTU' HS interesting that there was so little evidence of such a dis- 
turbance in the hyper and euthyroid animals. Also, the content of endo- 
genous NA increased in the tissues of hypothyroid animals. Therefore, it 


is not likely that a defect in the storage mechanism had occurred. 
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Margolius and Gaffney (1964) showed that in dog heart atrial 
NA concentrations were reduced below control levels in both the hyper and 
hypothyroid animals. In the present study the NA content of the whole 
heart in the hyperthyroid rats was the same, ug/g tissue, as that of the eu- 
thyroid animals, but it was increased on a per heart basis. In further 
contrast to their work, the present experiments with rats showed that the 
NA content of the hearts in the hypothyroid animals also increased. Such 
differences may come from species differences, site of tissue (atrium vs 
atrium + ventricle) and experimental procedure. In addition, although it 
is not clear from their writing, the samples of atrium were probably ob- 
tained after stimulation of the cardioaccelerator nerve. 

Dengler (1961) reported that heart slices from hyperthyroid rats 
contained less *H-NA after incubation than those from his controls, and 
he concluded that thyroxine, like cocaine, inhibited the uptake of catechol- 
amines by the heart. The results obtained in the present study do not agree 
with the finding of Dengler. This difference may be caused by differences 
in experimental procedure but it may also be caused by the degree of hyper- 
trophy in the hyperthyroid hearts as he used very large doses (4-6 mg/kg) 
of thyroxine. It is possible that in Dengler's experiments the sympathetic 
innervation was diluted in rapidly enlarging hearts. 

The present study showed that turnover of *H-NA increased in the 
hearts and adrenal glands of hypothyroid rats. This is in agreement with 
the observations of Lipton et al. (1968), who showed that thyroid deficiency 
was associated with an increase in cardiac NA turnover in rats and also that 
there was a marked acceleration of the synthesis of *"C-NA from its pre- 


cursor. Although Prange et al. (1970) reported that acute hyperthyroidism 
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in rats decreased the release as well as the synthesis of NA, the present 
study indicates no increase in the turnover of *H-NA in hyperthyroid rats. 
Such a difference is puzzling, but there may be some explanations including 
the small number of animals tested in Prange's experiments, and the nature 
of the hyperthyroidism induced, which in his experiments was caused by large 
doses (0.5-1.25 mg/kg) of thyroxine given for only 10 days. Such very large 
dosage in no way simulates the chronic state of the disease in human pat- 
jents, and may cause much more drastic physiological disturbances. 

Data from the present experiments showed that in the heart, brain, 
salivary gland, adrenal gland and vas deferens, the content of endogenous 
NA increased in the hypothyroid rats. In addition, the *H-NA content fell 
more rapidly than in the hyper or euthyroid animals suggesting that the 
efflux of *H-NA increased from the hearts and adrenal glands of the hypo- 
thyroid rats. Therefore, it appears that the NA turnover may have increased 
in the sympathetic nervous system of the hypothyroid rats, but was unchanged 
in the hyperthyroid animals. To explain the increased NA content and turn- 
over in hypothyroid animals three possibilities exist. These are: 

1. Alteration in the receptor response 

2. Response to a stressful situation 

3. Increased NA synthesis due to reduction in iodotyrosine inhibitors 
of tyrosine hydroxylase. 

The increase of NA turnover may be interpreted as evidence of an 
increased NA synthesis in the sympathetic nervous system, which is supported 
by the observations of other workers who have investigated the possibility 
of altered receptor responses due to changes in thyroid states. 


There is evidence in the literature both supporting and opposed 
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to the concept of altered adrenergic receptor sensitivity induced by changes 
in thyroid activity. Hornbrook et al. (1965) reported that thyroid hormone 
produces a potentiation of catecholamine effects by causing an increased 
sensitivity of the myocardial catecholamine receptor site in rats. Harrison 
et al. (1967) showed that hyperthyroidism in man is not accompanied by an 
obligatory increase in the activity of the sympathetic nervous system, and 
they suggested that sensitization of the cardiovascular and metabolic res- 
ponses to normal catecholamine levels occurs in hyperthyroidism. Prange 
et al. (1970) hypothesized that in hyperthyroidism receptor sensitivity is 
increased while the converse obtains in hypothyroidism. They showed that 
in the hyperthyroid rat, increased receptor sensitivity causes increased 
sympathetic response, which in turn tends to diminish sympathetic neuronal 
activity, and they postulated that diminished catecholamine synthesis would 
be a final expression of this tendency. This hypothesis may be supported 
by the finding of Dairman et al. (1968) who have shown that the rate of 
catecholamine synthesis varies with nerve activity and that when alpha 
adrenergic blocking agents are employed the synthesis of noradrenaline from 
14C-tyrosine was increased in the heart, brain and adrenal glands of rats. 
They reported that their findings with the blocking agents resemble those 
obtained with various procedures for increasing nerve activity in rats and 
indicate that receptor blockade also leads to increased synthesis and re- 
lease of NA. This may be a mechanism to compensate for the diminished sen- 
sitivity of end-organs to the neurotransmitter. The alteration of sensit- 
ivity in receptors is also postulated in the central noradrenergic mech- 


anisms under different thyroid states. Emlen et al. (1972) found that 
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spontaneous motor activity was less for hypothyroid rats than that in matched 
normal controls. Rats made hyperthyroid with thyroxine became hyperactive 
and showed increased sensitivity to the behaviorally activating effects of 
NA administered intraventricularly. These changes appeared to be induced 
by an increase or decrease in sensitivity of adrenergic receptors. It was 
hypothesized by that group that decreased postsynaptic activity is commun- 
icated to the presynaptic adrenergic neuron and that the resulting neural 
activity regulates the amount or activity of tyrosine hydroxylase in the 
midbrain. In thyroxine-treated rats, increased sensitivity to NA results 
in increased behavioral activity and an increased behavioral response to 
infusion of NA. Conversely, thyroid hormone deficiency attenuates the 
effects of catecholamines in hypothyroidism (Harrison, 1964 and Waldstein, 
1966). 

The results of van der Schoot and Moran (1965) did not support 
the concept that thyroxine alters the sensitivity of the receptor system 
of the heart and blood vessels to catecholamines. Other investigators 
reported similar results and suggested that the cardiovascular changes in 
thyroxine-treated animals may not be caused by an increased sensitivity 
of the cell to the catecholamines (Zaimis et al., 1965). Margolius and 
Gaffney (1965) reported that the treatment of dogs with thyroid hormone 
or 131] to render them hyperthyroid or hypothyroid did not affect their 
arterial pressor or chronotropic response to either endogenously released 
or exogenously administered NA. Benforado and Wiggins (1965) showed that 
isolated myocardium strips from hypothyroid rats are not significantly less 
sensitive to the automaticity-producing or chronotropic effects of NA. 


Moreover, Bray (1966) demonstrated that thyroidectomy has little effect on 
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the adrenergic responses mediated by alpha receptors, and that the beta 
adrenergic response (myocardial contraction) is uninfluenced by thyroid- 
ectomy. Tommaselli et al. (1965) using autoradiographic techniques showed 
a preferential localization of 1-thyroxine and triiodothyronine in the sino- 
ventricular bundle (bundle of His) of the hearts of rats. Their results 
suggest the possibility of direct effects of the thyroid hormones on impulse 
conduction in the heart. This hypothesis is supported by the experiments 
of Folkman and Edmunds (1962) and also Folkman and Long (1964). They have 
shown that a local area of hyperthyroid myocardium will act as a pacemaker 
in euthyroid dogs with complete heart block, when thyroid grafts are trans- 
planted into the myocardium. Furthermore, a direct effect of thyroxine on 
myocardial contractility was reported. Buccino et al. (1967) demonstrated 
that the level of thyroid activity profoundly affects the intrinsic contrac- 
tile state of cardiac muscle independently of NA. In addition, Zaimis et al. 
(1969) showed that the chronic administration of relatively small doses of 
thyroxine to cats and guinea pigs produces significant ultrastructural 
changes in the heart muscle before the appearance of tachycardia; thus, no 
definite evidence was obtained to support the view that thyroxine increases 
the sensitivity of the cardiovascular system to catecholamines per se. The 
suggestion was put forward by Ash et al. (1968) that in the thyroxine-treated 
animals a cell membrane alteration had taken place, possibly as a result of 
an inhibition of active ion transport. 

It may be that the sensitivity of receptors are decreased in the 
hypothyroid state, and that decreased sensitivity of receptors may induce 
decreased sympathetic response. As a result, to compensate for the decreased 


response the sympathetic nervous activity may increase by reflex action. 
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The increase of endogenous NA content and increase of efflux rate of *H-NA 
in the tissues of the hypothyroid may be interpreted as the increase of NA 
synthesis. And the increase of NA synthesis is possibly the result of in- 
creased sympathetic nervous activity. If this happens in the hypothyroid 
state, it appears logical that the reverse situation would occur in the 
hyperthyroid state. Then the NA content in the tissues of the hyperthyroid 
rats would decrease while that of the hypothyroid animals increases. In 
the present study that relationship was not shown (Fig. 8 and 12), so that 
the results obtained cannot be simply explained by the change of the sens- 
itivity of receptors. There appeared to be some other factor. A possible 
explanation is that the changes obtained in this experiment may be caused 
by some form of stress. The loss of the thyroid, an important organ for 
the normal existence of the animals, can be considered as a form of stress 
to thyroidectomized rats. This concept is consistent with the facts that 
various stressors such as cold environment and operations may cause a strong 
negative iodine balance and thus lead to a hypothyroid state (Waldenstroém, 
1945). 

It has been reported that there was a close relationship between 
stress and thyroid function and that stress could cause a release of cat- 
echolamines from the adrenal glands (Cannon, 1915; Williams et al., 1949; 
and Selye, 1950). Moreover, in a cold stress the activity of tissues was 
regulated by the sympathetic nervous system through the increased release 
of NA (Smith and Roberts, 1964; Cottle et al., 1967; Bhagat and Friedman, 
1969; Thoenen, 1970; Wilson et al., 1970 and Sellers et al., 1971). After 
immobilization stress the level of enzymes present in the adrenal gland, 


tyrosine hydroxylase, dopamine-8-hydroxylase and phenylethanolamine-N-methy] 
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transferase which were involved in the synthesis of DA, NA and A, increased 
Significantly in mice and rats (Kvethansky eb.a) 9 1970a and b, 197la, b 
and c, and Ciaranello et al., 1972). In the present study the content of 
endogenous DA, NA and A in the adrenal glands of hypothyroid rats markedly 
increased and the turnover of °H-NA in the hearts and adrenal glands also 
increased. In addition, the NA content of other sympathetically innervated 
tissues increased after thyroidectomy. The observed increased catechol- 
amine content must have been caused either by increased accumulation or 
decreased loss but, as the accumulation of the *H-NA was lower than in the 
euthyroid animals, and the rate of loss was initially much higher the in- 
creased amount of endogenous NA cannot be due to slower degradation causing 
accumulation. However, both the higher NA content and the increased rate 
of loss of the label may be due to an increased rate of synthesis and turn- 
over of the stored NA. As indicated above that type of change may be in- 
duced by stressful circumstances and in this regard the results obtained 

in these experiments are consistent with those of other investigators. 

The hypothyroid state induced by thyroidectomy of the rats may 
have induced a stressful existence to which these animals responded by in- 
creased sympathetic activity resulting in both increased synthesis and turn- 
over of catecholamines. 

It has been noted that mono and diiodotyrosine are potent inhib- 
itors of tyrosine hydroxylase, the rate limiting step in NA synthesis 
(Udenfriend et al., 1966). Since the inhibitory influence of these pre- 
cursors of thyroid hormones were much less in the hypothyroid rats because 
of the removal of thyroid glands from the rats, it is possible that both 
the observed increased rate of loss of ?H-NA (Fig. 9, 10, 13 and 14) and 
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the increased content of catecholamines in the tissues of the hypothyroid 
animals (Fig. 8 and 12) may be due to increased synthesis of NA caused 

by increased tyrosine hydroxylase activity. From the results obtained in 
the present study no remarkable changes of endogenous CA content and of 
efflux rate of °H-NA administered intravenously in the hyperthyroid rats 
was found. Therefore, these experiments do not support the suggestion that 
the elevated responses to adrenergic stimuli observed in hyperthyroid an- 
imals and human patients are due to altered activity in the sympathetic 
nervous system. These experiments do not show any alterations in the up- 
take, synthesis or turnover of NA at adrenergic nerve endings of the hyper- 
thyroid animals. In the present study the increased content of catechol- 
amines and increased turnover of *H-NA in the tissues of hypothyroid rats 
may be caused by a stress and/or increased acitivity of tyrosine hydroxy- 
lase in the tissues. Thyroxine appears to exert its effect by direct action 
to tissues and to have no influence on the function of presynaptic side of 


peripheral adrenergic nerves. 
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SUMMARY AND CONCLUSIONS 


1. The influences of chronic hyper and hypothyroidism on the catecholamine 
contents and the accumulation and efflux of tritiated noradrenaline (?H-NA) 
were investigated in the heart, brain, salivary gland, adrenal gland and 


vas deferens in rats. 


2. A small dose of thyroxine increased the heart rate, oxygen consumption 
and body temperature in rats showing that the heart rate can be used as an 


indicator of an elevated thyroid state in the rats. 


3. The heart rates of the hyperthyroid rats were significantly increased 
as compared with the euthyroid animals and they were maintained at an al- 
most constant level as long as thyroxine was administered daily. On the 
other hand, the heart rates of the hypothyroid rats were significantly de- 


creased. 


4. The body weights of the hyperthyroid rats increased gradually, but were 
less than those of the euthyroid animals, while the body weights of the 
hypothyroid rats became significantly lower than the hyperthyroid animals 


and either did not change or decreased slightly. 


5. The endogenous catecholamine content of the heart, brain, salivary 

gland and adrenal gland of the hypothyroid animals increased significantly 
but either no remarkable changes or the tendency toward a decrease in the 
endogenous catecholamine content was found in the same tissues of the hyper- 
thyroid animals. The endogenous A and NA increased in the vas deferens of 


both the hyperthyroid and the hypothyroid rats. 


6. When the tissue contents of the hearts and adrenal glands were plotted 
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against time, the fall in radioactivity was approximately linear and par- 
allel for the euthyroid and hyperthyroid animals, but in the hypothyroid 
rats there was a break in the degradation curve, showing a more rapid 

fall in the first 6-12 hours, and a slow fall, approximately parallel to 


that of the other states, for the latter part of the test period. 


7. The changes in endogenous catecholamine content and in the degradation 
curves of *H-NA in rat tissues suggest that in hypothyroidism there was an 
increased synthesis and turnover of NA in the sympathetic nerves. The 
mechanism involved in the regulation of NA turnover is not clearly under- 
stood, but it appears possible that the observed increased NA turnover may 
have been due to a compensatory mechanism to a state of stress caused by 
the thyroidectomy, or to an increased tyrosine hydroxylase activity due 


to a reduction of circulating iodotyrosine derivatives. 


8. Although many of the manifestations of hyperthyroidism resemble those 

of sympathetic hyperactivity, no remarkable changes in uptake, accumulation 
and efflux rate of *H-NA were found between the hyperthyroid and the eu- 
thyroid rats. Therefore, the effect of thyroxine appears to show no relation 


to the functional changes of the peripheral adrenergic nerve. 
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